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Abstract

Ticks are obligate blood-feeding ectoparasites of major veterinary and medical importance, and their control relies
heavily on synthetic acaricides, a strategy increasingly compromised by resistance and environmental concerns.
Entomopathogenic fungi (EPF) have gained significant prominence as biological alternatives for integrated tick
management. This review synthesizes over two decades of advances in fungal-based tick control, including recent field
trials, formulation technologies, and omics-driven mechanistic insights. Evidence shows that species within the genera
Metarhizium and Beauveria exhibit consistent pathogenicity against several ixodid ticks, although efficacy varies with
fungalisolate, propagule type, formulation, and environmental conditions. Advances in omics approaches have improved
understanding of infection mechanisms and tick immune responses, while formulation and delivery innovations have
enhanced fungal stability and field persistence. Field studies demonstrate variable but promising efficacy, particularly
when EPF are applied within integrated control strategies. However, important challenges remain, including limited
large-scale field validation and optimization of formulations. By integrating laboratory, field, and commercial evidence
across production systems, this review identifies key technological bottlenecks and highlights future directions for
climate-resilient and sustainable tick control.
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Resumo

Carrapatos sdo ectoparasitos hematéfagos obrigatérios de grande importancia veterinaria e médica, e seu controle é feito
através de carrapaticidas sintéticos, uma estratégia cada vez mais afetada pela resisténcia e por preocupag¢des ambientais.
Os fungos entomopatogénicos (FEP) destacam-se significativamente como alternativas biolégicas para o manejo integrado
de carrapatos. Esta revisdo sintetiza mais de duas décadas de avancos no controle de carrapatos baseado em fungos,
incluindo ensaios de campo recentes, tecnologias de formulacao e insights mecanisticos impulsionados por dmicas.
Evidéncias demonstram que espécies dos géneros Metarhizium e Beauveria apresentam patogenicidade consistente
contra diversas espécies de ixodideos, embora a eficacia varie de acordo com o isolado fungico, tipo de propagulo,
formulacdo e condi¢Bes ambientais. Avancos em abordagens dmicas ampliaram a compreensdo dos mecanismos de
infeccdo e resposta imune dos carrapatos, enquanto inovagdes em formulagdo e sistemas de aplicagdo tém melhorado
a estabilidade e persisténcia dos fungos em campo. Estudos de campo demonstram eficacia variavel, porém promissora,
especialmente quando os FEP sdo aplicados em estratégias de controle integrado. No entanto, desafios importantes
permanecem, incluindo a limitada validacdo em larga escala e a necessidade de otimizagdo das formulagdes. Ao integrar
evidéncias laboratoriais, de campo e comerciais em diferentes sistemas produtivos, a presente revisao identifica gargalos
tecnolégicos e destaca dire¢des futuras para um controle de carrapatos sustentavel e resiliente.
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Fungi for tick control

Introduction

Ticks are obligate hematophagous ectoparasites that parasitize a wide range of vertebrate hosts, including
mammals, birds, amphibians and reptiles. The order Ixodida comprises three recognized families: Argasidae,
Nuttalliellidae, and Ixodidae. Among them, Ixodidae is distinguished by the presence of a rigid dorsal shield
(scutum), a morphological trait that sets them apart from the other tick families. Their life cycle comprises four
stages (egg, larva, nymph, and adults), with each parasitic stage requiring a blood meal to develop or reproduce
(Sonenshine & Roe, 2014). Prolonged attachment and feeding are facilitated by specialized morphological and
biochemical adaptations, such as a barbed hypostome, cement-like secretions, and salivary molecules with
anticoagulant, anti-inflammatory, and immunomodulatory properties (Simo et al., 2017). These adaptations enable
ticks to remain undetected by the host immune system while ensuring efficient acquisition of nutrients essential
for survival. According to Guglielmone et al. (2023), Ixodidae currently comprises 762 species worldwide. Beyond
their role as parasites, ixodid ticks are of major veterinary and medical importance as vectors of a wide array of
pathogens, including Borrelia burgdorferi, Babesia spp., Anaplasma spp., Theileria spp., Rickettsia spp., and tick-borne
encephalitis virus (De la Fuente et al., 2008). Consequently, they influence host health, livestock productivity, and
ecosystem dynamics through their impact on host populations and host-pathogen interactions.

Contemporary tick control relies predominantly on chemical acaricides (viz., synthetic pyrethroids,
organophosphates, amidines, macrocyclic lactones, benzoylphenylureas, phenylpyrazoles and isoxazolines)
delivered through dip vats, sprays, injectables and pour-on formulations (Makwarela et al., 2025). This chemical
dependency represents a fundamental shift from pre-1960s genetic resistance strategies to widespread
chemotherapeutic reliance (FAO, 2025). The use of chemical acaricides has made a considerable contribution to
tick control; however, the exclusive reliance on this method has become unsustainable in the long term. Many
active molecules have been lost due to the selection of resistant populations, and the discovery/production of
new compounds is becoming increasingly challenging. Intensive acaricide use proves deleterious across multiple
domains (Klafke et al., 2024). For animal health, chemical residues accumulate in livestock tissues while disrupting
beneficial dung beetle populations essential for pasture ecology. Human health risks include occupational
exposure during application and potential food residue consumption (De Meneghi et al., 2016). Environmental
contamination affects aquatic ecosystems and non-target invertebrates through agricultural runoff (Rahman et al.,
2022). Economically, the $8 billion global parasiticide market reflects substantial farm expenditures, with resistance
development forcing increased application frequencies and higher costs (Pérez-Otafiez et al., 2024). The emergence
of widespread acaricide resistance across major chemical classes validates concerns about unsustainable chemical
dependency, necessitating integrated approaches combining genetic selection strategies, pasture management,
vaccines, botanical alternatives, and the use of biological control.

The biological control of arthropod pests, defined as the use of natural enemies (viz., predators, parasites,
parasitoids, and pathogenic microorganisms) to regulate pest populations and maintain ecological balance, has
its origins in the earliest records of insect diseases. According to Steinhaus (1975), reports of diseases in bees
date back to around 700 B.C. In Europe, the death of silkworms prompted extensive studies aimed at combating
“muscardines,” caused by fungi. This historical recognition that microorganisms could infect and kill insects led
humans to intentionally use these pathogens to control pest populations in crops. The use of entomopathogenic
microorganisms as biocontrol agents of arthropods is an attractive and sustainable tool for many integrated pest
management programs in forestry, agricultural, and veterinary settings.

Entomopathogenic fungi (hereafter referred to as EPF) infect hosts by penetrating the cuticle, proliferating in the
hemocoel, and ultimately killing them through nutrient depletion and toxin production. Building on their successful
use againstinsect pests, EPF have emerged as promising biological control agents for ticks (Camargo et al., 2014, 2016;
Marciano et al., 2021) particularly in the face of growing acaricide resistance in tick populations (Klafke et al., 2024).
EPF are generally considered safe for application in agricultural systems; currently, 283 fungal-based biopesticide
products are registered in Brazil (Mascarin et al., 2024), reflecting their regulatory acceptance and widespread use.

The present article aims to provide a comprehensive overview of key aspects of EPF use for tick control,
including diversity of EPF species; tick-fungal-pathogen interactions; microbiome-mediated interactions; formulation
technologies and delivery systems; integration with chemical acaricides; field applications and real-world efficacy;
regulatory framework and safety assessment; and knowledge gaps and future research directions. Unlike most
reviews, which tend to focus on specific technical aspects, this work adopts a broader and integrative perspective
to advance the state of the art and contribute to ongoing discussions surrounding the regulatory framework for
the use of EPF against ticks, with particular focus on Brazil.
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Fungal Species Diversity and Strain Selection

EPF are phylogenetically diverse microorganisms that infect and kill not only insects, as this term indicates,
but also several other invertebrate species, including ticks and mites. Entomophthoramycota is the phylum of
the Kingdom Fungi with the greatest number of entomopathogenic species (Mora et al., 2017), although most
mycopesticides have hypocrealean fungi (Ascomycota, Hypocreales) as active ingredients, including the key genera
Metarhizium, Beauveria, Hirsutella, Akanthomyces (formerly, Lecanicillium), and Cordyceps (formerly, Isaria) (Faria &
Wraight 2007; Mascarin et al., 2015, 2024). While most mycopesticides commercially available are based on aerial
conidia produced by solid-state fermentation, submerged fungal propagules (e.g., blastospores, submerged
conidia, and microsclerotia), produced by liquid fermentation, are also potential active ingredients. Other fungal
propagules, such as mycelium or chlamydospores, however, are less promising for pest control (Mascarin et al.,
2024). In fact, there are a few mycopesticides based on liquid-grown propagules available on the market, primarily
from Cordyceps fumosorosea, Cordyceps javanica, and Akanthomyces muscarius, and none of them are available in
Brazil (Mascarin et al., 2024).

Most studies have investigated the effects of aerial conidia of EPF, especially those from the Metarhizium
anisopliae and Beauveria bassiana complexes, against ticks under laboratory conditions or in field trials (Fernandes
& Bittencourt, 2008). More recently, the activity of fungal blastospores (Bernardo et al., 2018; Marciano et al., 2021)
and microsclerotia (Marciano et al., 2021; Paixao et al., 2023) towards ticks has been examined with promising
results. Blastospores, like conidia, are infective propagules that invade their hosts by penetrating the cuticle
(Bernardo et al., 2018). Microsclerotia, however, are not directly infective propagules to ticks, but they produce in
situ infectious spores under optimum conditions. Due to this condition, microsclerotia have been formulated in
granules and applied against ticks off the host, in infested pastures (Marciano et al., 2021; Filgueiras et al., 2025).
In fact, those fungal propagules have both advantages and disadvantages as biocontrol agents against ticks,
and further investigations are needed to identify the most effective strategies for targeting the host at specific
developmental stages or environments.

Fungal isolates of the same EPF species may exhibit high genetic diversity, high variability in virulence to ticks
or in tolerance to environmental factors (Fernandes et al., 2010, 2011). Also, different propagules of the same
fungal isolate may exhibit different efficacy against ticks or variable tolerance to environmental factors, such as
high temperatures or ultraviolet radiation (Bernardo et al., 2018, 2020; Corval et al., 2021). In fact, a substantial
phenotypic plasticity is found in isolates of EPF (Rangel et al., 2015). This refers to the remarkable ability of
the same fungal isolate, with a given genotype, to exhibit different characteristics (phenotypes) in response to
variations in environmental conditions, which may include nutrient availability and physical and chemical stresses
(Rangel et al., 2015). Therefore, studies on screening for promising fungal strains, optimizing culture media, and
enhancing appropriate formulation techniques are crucial for developing effective bioinputs. While the future of
submerged liquid fermentation technology for the mass production of entomopathogenic fungi remains uncertain,
it is anticipated to hold significant promise (Mascarin et al., 2024).

Tick-fungal Pathogen Interactions: Recent Advances

Infection process

The infection process of EPF in ticks involves a series of coordinated stages, including host recognition, conidial
adhesion to the cuticle, germination, active penetration, internal colonization, and sporulation after the host's
death (Beys-da-Silva et al., 2020; Hong et al., 2024). Emerging evidence indicates that, prior to successful cuticle
penetration, EPF must outcompete the host-associated ectomicrobiota and overcome or evade the antifungal
immune defenses (Hong et al., 2024). Infection begins when airborne conidia reach the surface of the tick cuticle,
a process facilitated by hydrophobic interactions (Ortiz-Urquiza & Keyhani, 2013). Studies with insects reported
that this adhesion is primarily mediated by surface proteins known as hydrophobins (Skinner et al., 2014) and
adhesins (Valero-Jiménez et al., 2016). Different types of hydrophobins provide the hydrophobicity required for
the inoculum to interact with the arthropod's integument (Butt et al., 2016; Jiang et al., 2020). Other proteins,
such as CWP10, MAD1, and MAD2 (adhesin-like proteins) (Li et al., 2010; Abro et al., 2019; Zhou et al., 2021), are
involved in conidial adhesion to the cuticle, participating in the initial recognition of the host in multiple EPF species
and influencing germination, blastospore formation, and virulence (Wang & St. Leger, 2007; Gao et al., 2020;
Zhou et al., 2021).
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The fungal lipolytic activity observed in infected ticks, mediated by enzymes such as lipases and esterases,
contributes to the process of conidial recognition and attachment, playing an essential role in the adhesion
of Metarhizium to the cuticle of Rhipicephalus microplus (Santi et al., 2010; Usman et al., 2024). Once firmly
adhered to the cuticle, the conidia start the germination phase, which depends on favorable environmental
conditions (i.e., optimal temperature and humidity), producing a germ tube that gives rise to the appressorium
or penetration peg, structures that enable active traversal of the cuticle (Brunner-Mendoza et al., 2019). The
distinct lipid composition of the cuticle among tick species is a factor that interferes with the germination
process (Ribeiro-Silva et al., 2022) and the subsequent penetration, which depends on the coordinated action
of hydrolytic enzymes such as chitinases, lipases, and proteases, as well as the mechanical force exerted by the
appressorium (Brunner-Mendoza et al., 2019). Each cuticular layer presents distinct polymeric compositions that
are sequentially degraded by proteases and chitinases (Santi et al., 2010). Several proteases participate in this
process, including chymotrypsins, metalloproteases, trypsins, exopeptidases, subtilisins, and aspartyl-peptidases
(Semenova et al., 2020). The expression of these enzymes is modulated by the specific cuticular composition of
each tick species (Freimoser et al., 2005); in Metarhizium sp. and Beauveria sp., up to 11 different subtilisins can
be produced, with Pr1-type peptidases being particularly important for the pathogenicity of these fungi against
arthropods. In addition to promoting cuticular degradation, these proteases contribute to nutrient acquisition
and the success of host invasion (Gao et al., 2020; Semenova et al., 2020). Complementarily, Lu et al. (2024)
demonstrated that the coordinated expression of hexosaminidases and chitinases is a key determinant of fungal
pathogenicity, as it promotes cell wall remodeling, facilitates evasion of host immune responses, and enhances
insect cuticle degradation, ultimately increasing fungal virulence.

After crossing the cuticular barrier, the fungus colonizes the hemocoel and differentiates into hyphal bodies,
which are specialized propagules adapted to colonize the host's internal environment (Pendland et al., 1993),
or into analogous structures known as blastospores when produced in vitro (Mascarin et al., 2015). These
structures spread throughout the tick's body via hemolymph circulation and invade various tissues (Maina et al.,
2018; Brunner-Mendoza et al., 2019). During this phase, EPFs employ multiple virulence factors that ensure
their proliferation and the consequent death of the host. Among the most relevant are mycotoxins produced
during fungal growth, such as beauvericin, beauverolides, oosporeins, and destruxins, which act as potent toxic
compounds targeting ticks (Pedras et al., 2002; Maina et al., 2018; Pedrini, 2022).

These toxins disrupt cellular and structural processes, impair calcium channels, and cause flaccid paralysis,
morphological alterations in muscular tissues, and damage to the Malpighian tubules, midgut, and other organs
(Mora et al., 2017). Beauvericin, a cyclic hexadepsipeptide belonging to the enniatin family, is particularly well
studied and has been identified in Beauveria bassiana and Fusarium (Hamill et al., 1969; Logrieco et al., 1998).
In addition to its insecticidal activity, it exhibits antiviral, antibacterial, and antifungal properties, enhancing the
efficacy of conventional antifungal drugs such as ketoconazole and miconazole (Zhang et al., 2007) and even
demonstrating antitumor and antiviral activity in human models (Wang & Xu, 2012).

Following host death and nutrient depletion, the fungus breaks through the integument, forming aerial
mycelium and initiating sporulation on the cadaver, which enables conidial dispersal and the infection of new
hosts (Valero-Jiménez et al., 2016). The infection mechanism is also influenced by immune responses, as will
be discussed in section 3.b. A deeper understanding of the molecular mechanisms involved in each stage of
infection, as suggested by Beys-da-Silva et al. (2020), requires a transdisciplinary approach that integrates
genomics, transcriptomics, proteomics, and metabolomics.

Immune response

Ticks are invertebrate animals and do not have an adaptive immune system and, for this reason, defense
against pathogens such as EPF occurs through the innate response. The cellular immune response takes
place immediately after the invasion of microorganisms and is mediated by hemocytes, cells circulating in the
hemolymph, through processes such as phagocytosis, encapsulation, and nodulation (Sterba et al., 2011; Tan et al.,
2013; Fiorotti et al., 2022). The humoral immune response, in turn, involves various antimicrobial peptides and
enzymatic cascades that regulate coagulation and hemolymph melanization. It may also involve the production
of soluble molecules such as pathogen recognition proteins, thioester-containing proteins (TEPs), and reactive
oxygen species (ROS) (Vass & Nappi, 2001; Kopacek et al., 2010; Smith; Pal, 2014).
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Atype of immune response that mimics memory in vertebrates is known as immune priming and occurs when
a prior infection experience leads to a more effective response upon secondary exposure to the infection or
pathogen (Bozler et al., 2020). Regarding immune priming against EPF, it has been demonstrated that there is no
evidence that Rhodnius pallescens obtains a benefit in terms of survival because of an immune priming response
after exposure to a nonlethal dose of the pathogenic fungus B. bassiana (Galvez et al., 2024) and there is also no
evidence that ticks respond to EPF throughout immune priming.

Cellular immune response

The innate cellular immune response is primarily mediated by hemocytes, cells circulating in the hemolymph
that can also be found adhered to the fat body and salivary glands (Sterba et al., 2011).

Using RNA interference (RNAI), it has been shown that phagocytosis of Candida albicans by hemocytes of
the tick Ixodes ricinus is mediated by an a-macroglobulin and possibly other thioester-containing proteins
(BureSova et al., 2009; Urbanova et al., 2017). In R. microplus, phagocytic activity has been assessed, also
demonstrating that plasmatocytes are the main cell type involved in yeast phagocytosis (Pereira et al., 2001).
Moreover, itis already documented that ticks can phagocytize EPF (Figure 1), as demonstrated by Fiorotti et al.
(2019; 2022) and Correa et al. (2021). Moreover, ultrastructural analyses in R. microplus revealed dose-dependent
cytotoxicity of Metarhizium robertsii to hemocytes, indicating an arms race where fungal virulence factors damage
immune cells while hemocytes attempt fungal clearance (Fiorotti et al., 2019). Unfortunately, in invertebrates,
especially in ticks infected by EPF, the signaling pathways of phagocytosis are still poorly understood, as few
studies have elucidated the molecular mechanisms that activate hemocytes.

In insects, hemocyte-mediated phagocytosis can be driven by complement-like proteins that opsonize various
pathogens (Browne et al., 2013). Several molecules related to the mammalian complement system have already
been described in ticks (BureSova et al.,, 2011; Urbanova et al., 2014). In recent studies, through RNAj silencing
of tick thioester-containing proteins (TEPs), it was demonstrated that C3-like complement factors together with
a2-macroglobulin protease inhibitors released into the hemolymph are key mediators of M. robertsii phagocytosis
(Fiorotti et al., 2022). In immune responses against fungi, it has also been shown that CL5a and CL5b isoforms
bind to these microorganisms, suggesting a unique role for these lectins in recognizing and differentiating these
pathogens (Zhu et al., 2006).

Studies have shown convergence between autophagy and phagocytosis (Ferguson & Green, 2014). Autophagic
machinery is also used to remove pathogens and direct them to lysosomal degradation, and is therefore considered
a process of innate immune response against microbial infection (Mao & Klionsky, 2017). From this perspective, in
invertebrates, organisms lacking acquired immunity, autophagy may play a fundamental role in protection against
potential pathogens. Although the role of autophagy has been extensively investigated in model organisms such
as Drosophila melanogaster and Caenorhabditis elegans, its function in other invertebrate groups remains poorly
understood. Nevertheless, evidence suggests that autophagic processes may be activated in response to EPF
(Malagoli et al., 2010; Lamiable et al., 2016; Fiorotti et al., 2019).

Unlike phagocytosis, nodule formation results in an overlaid sheath of multiple layers of hemocytes around the
invader (Gillespie et al., 1997). Currently, there is no information in the literature elucidating this process in ticks
challenged with EPF. Some invertebrate genetics studies have shown that melanization and nodulation responses
share components and mechanisms, mainly involving activation of prophenoloxidase (PPO). Phenoloxidase (PO)
combats infection by converting tyrosine into dopa, an important substrate that can be oxidized by PO into
dopaquinone or decarboxylated by dopa decarboxylase (Ddc) into dopamine, resulting in melanin or sclerotin
(Siderietal., 2008). PO has also been reported to aid in melanization, phagocytosis, and nodulation of pathogens
in several insect species (Cerenius et al., 2008), but little is known about these processes in ticks. Moreover,
dopamine (DA) seems to modulate hemocyte activity in arthropods as demonstrated in R. microplus, where
exogenous and pharmacologically modulated DA altered hemocyte phagocytosis and survival outcomes after
Metarhizium challenge, demonstrating a neuro-immune axis influencing antifungal defense (Correa et al., 2021;
Borio et al., 2022).

Melanization is an immediate immune response in arthropods, leading to the physical encapsulation of pathogens
in a dense layer of melanin and the generation of toxic metabolites that can damage certain pathogens. This
process has been visualized in insects and ticks infected by EPF, demonstrating melanization of fungal structures
and even of the arthropod cuticle (Ment et al., 2012; Yassine et al., 2012).
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Figure 1. Overview of tick immune system responses to entomopathogenic fungal infection. Metarhizium is primarily exposed to
stress factors such as temperature, UV radiation, and humidity. After adhesion of the entomopathogen (mediated by the Mad
gene), germ tube and appressorium formation occurs. For the penetration process, the fungus must degrade the cuticle, mainly
through PR1 (protease), in addition to releasing other proteases, lipases, and chitinases. Fungi may also exert mechanical pressure
to penetrate the tick host while the host is already beginning to respond to infection. Subsequently, the tick mounts a cellular
immune response, with hemocyte recruitment to the infection site, triggering processes such as phagocytosis, autophagy, and
nodulation/encapsulation. The fat body plays a central role in immunity, being responsible for hematopoiesis, antimicrobial peptide
(AMP) production, detoxification, and oxidative stress control. Moreover, hemocytes may release thioester-containing proteins
to opsonize the pathogen for phagocytosis, and AMPs and reactive oxygen species are released by hemocytes. When the cellular
response fails to overcome the infection, the humoral response becomes crucial, occurring through AMP release and activation of
the Toll and the IMD pathways, as well as stimulation of the melanization process, in which hemocytes are also recruited.

Humoral immune response

The immune response via hemocytes is considered the first line of defense; however, during massive and
prolonged infection, the cellular response may be depleted. Under these circumstances, the humoral immune
response arises as a complement to the cellular response. In invertebrates, four main pathways are involved in
activating the immune response: Toll, immune deficiency (IMD), Janus kinase (JAK/STAT), and Jun N-terminal kinase
(NK) (Capelli-Peixoto et al., 2017). The Toll pathway is activated by bacteria, viruses, and fungi; the immune deficiency
pathway is activated only by Gram-negative bacteria; and the JAK/STAT pathway is similar to cytokine signaling in
mammals (Shuai et al., 1993).
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In ticks, most components of the Toll pathway have been described and found in the genome, indicating conservation
of this pathway in these arthropods (Palmer &Jiggins, 2015; Bechsgaard et al., 2016; Gulia-Nuss et al., 2016). The presence
of multiple Toll receptors and Spatzle cytokines suggests that the Toll pathway is also involved in regulating tickimmune
responses against invading microorganisms and pathogens transmitted to vertebrate hosts (Rosa et al., 2016).

The IMD pathway was first described in D. melanogaster. Ticks lack several key components of this pathway,
such as transmembrane receptors and Imd (Severo et al., 2013; Gulia-Nuss et al., 2016; Rosa et al., 2016), yet
the pathway can still function (Shaw et al., 2017). In mosquitoes, this pathway appears to play a very important
role in antifungal responses, with transcription factors highly expressed when mosquitoes are challenged by EPF
(Ramirez et al., 2018), although in ticks the mechanisms triggered upon challenge are still poorly understood.

The Janus Kinase (JAK-STAT) pathway was first described in mammals and plays a crucial role in antiviral responses
(Dupuis et al., 2003; Ho et al., 2005). More recently, this pathway was identified as not belonging strictly to insect
humoral immunity; its role in immunity is due to links with the Toll and IMD pathways (Myllymaki et al., 2014). In ticks,
this pathway is also conserved compared with Drosophila (Palmer & Jiggins, 2015; Bechsgaard et al., 2016), except
for upd gene (Rosa et al., 2016).

In invertebrates, various compounds in the hemolymph have proven active in recognizing and eliminating
pathogens; antimicrobial peptides therefore play a very important role in responses against parasites, fungi, and
bacteria (Bulet et al., 2004). Most antimicrobial peptides (AMPs) are cationic and amphipathic, capable of forming
transmembrane channels, and are part of the innate immune response of many animal species, including vertebrates
and invertebrates (Ludtke et al., 1996; Yang et al., 2017). Currently, studies involving AMPs in ticks are scarce;
the only ones described in these arthropods are defensins, hemocidins, ixodidins, lysozymes, and microplusins
(Fogaca et al., 2004; Fogaca et al., 2006; Sonenshine & Hynes, 2008; Belmonte et al., 2012).

In ticks, defensins have also been detected in hemocytes (Johns et al., 2001; Fogaca et al., 2006), ovary
(Lima et al., 2006), salivary glands (Lima et al., 2006), and gut (Kopacek et al., 1999), with activity against
Gram-negative and Gram-positive bacteria, fungi, and protozoa (Wang & Zhu, 2011; Couto et al., 2018). Hemocidins
are hemoglobin fragments demonstrated in several animal species. In addition to being reported in vitro, they have
also been identified in the gut of the tick R. microplus and can be active against Gram-positive bacteria and fungi
(Sforca et al., 2005; Belmonte et al., 2012). Despite these findings, little is known about the specific contribution of
AMPs during tick infections with EPF, highlighting an important gap for future investigations.

Redox metabolism in ticks

Oxidative stress can be simply defined as an imbalance between oxidants and antioxidants leading to disruption
of redox signaling and control and/or molecular damage (Sies et al., 2017). In ticks, heme and iron homeostasis
plays a central role in development and reproduction in several species (Galay et al., 2014; Hajdusek et al., 2016).
Moreover, the toxicity of reactive oxygen species plays a significant role in arthropod immune responses. The
ProPO cascade leads to melanization of fungal structures either on the cuticle or even within capsules formed by
hemocytes (Butt et al., 2016), and its activation is mediated by 3-1,3-glucans of the fungal cell wall and by damaged
host tissues (Cerenius et al., 2008). Products of melanization, such as reactive oxygen species, destroy pathogens
but are also toxic to hosts (Nappi & Christensen, 2005). However, studies of oxidative stress in tick hemocytes are
scarce (Pereira et al., 2001), since most research focuses on embryonic cells (Kalil et al., 2017), and little is known
about the effect of EPF virulence on ROS generation in a host.

In Galleria mellonella, ROS production in the hemolymph increases significantly after infection by Cordyceps sp.
but not by some Metarhizium species, suggesting that this increase may be related to necrotic death of hemocytes
(Kryukov et al., 2020). However, ROS production increases significantly in Cordyceps infection despite a drop in
phenoloxidase activity, demonstrating that other routes or mechanisms of ROS production may also be involved
(Kryukov et al., 2020). In Metarhizium sp. infection, there is a tendency toward decreased ROS production, consistent
with reduced PO activity in the hemolymph (Kryukov et al., 2020). Some authors thus suggest that upregulation of SOD
and catalase alters host redox regulation during infection. ROS production may also be related to fungal virulence,
as increased ROS is observed after infection by less virulent fungi (Vorontsova et al., 2018; Kryukov et al., 2020).

Although the tickimmune system lacks some canonical components described in insects, it has evolved unique
and effective strategies to counter EPF. Cellular responses mediated by hemocytes, together with humoral pathways
such as complement-like proteins, antimicrobial peptides, and redox metabolism, provide an integrated defense
that can limit fungal development. Accordingly, recent advances demonstrate that ticks combine classical immune
mechanisms with species-specific adaptations, highlighting a complex and multifactorial antifungal immunity.
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Understanding these processes not only clarifies host-pathogen interactions but also supports the development
of fungal-based biocontrol strategies to overcome tick immune defenses.

Microbiome-Mediated Interactions

The tick microbiome refers to the community of commensal, symbiotic, and pathogenic microorganisms that
inhabit different areas of the tick body (Narasimhan & Fikrig, 2015). It is recognized as a complex and dynamic system
that interacts intensely within a macrosystem that includes the host organism, and in the case of ticks, it is composed
of microorganisms found not only in the host's blood, but also on the skin and in the surrounding environment. This
microbial community is fundamental to diverse aspects of tick biology, influencing their physiology, environmental
adaptation, and vector competence (Narasimhan et al., 2014; Bonnet et al., 2017; Kitsou et al., 2021; Pavanelo et al.,
2020). As an example, bacteria of the genera Coxiella and Francisella provide crucial nutritional supplementation,
synthesizing B vitamins and cofactors that are necessary for survival and reproduction due to the constraints of the
blood-feeding lifestyle. These alliances also support tick metabolism, including nitrogen recycling and osmoregulation,
and are indispensable for successful reproductive output (Narasimhan & Fikrig, 2015; An et al., 2022; Noguerales et al.,
2025). Experimental elimination of symbionts, for instance using antibiotics against Coxiella in Rhipicephalus sanguineus,
can irreversibly impair nymphal development, adult engorgement weight, and egg hatching rates (An et al., 2022).
Similarly, Coxiella endosymbiont from R. microplus proved to be essential for the tick to reach the adult life stage, as
under antibiotic treatment no tick was able to progress beyond the metanymph stage (Guizzo et al., 2017). Despite all
this knowledge, many authors agree that the current understanding of microbial community variation across tick species,
life stages, and sex and the underlying processes remains limited (Aguilar-Diaz et al., 2021; Noguerales et al., 2025).

In terms of vector competence, some studies reported that the microbiota may impact the tick's ability to
transmit pathogens, modulating the acquisition, colonization, and dissemination of tick-borne agents (Aguilar-
Diaz et al., 2021; Noguerales et al., 2025). Because ticks are hematophagous, the midgut is a pivotal tissue, serving
as the primary site of pathogen entry and initial colonization. Manipulation of the gut microbiota, whether through
external intervention or naturally through the pathogens themselves, directly affects the presence of vertebrate
pathogens in the tick gut (Narasimhan et al., 2014; Mesquita et al., 2023), most likely altering the tick’s vectorial
capacity. For example, altering the microbiota in Ixodes scapularis can compromise the integrity of the peritrophic
matrix, subsequently impairing the colonization of Borrelia burgdorferi(Narasimhan et al., 2014). Conversely, some
pathogens, such as Anaplasma sp., have evolved mechanisms that may enhance tick survival, including increasing
cold tolerance (Neelakanta et al., 2010) highlighting a complex coevolutionary relationship that benefits the vector.

Since many factors (such as host characteristics and environmental conditions like temperature, humidity, and
geographic location) can influence the composition of the tick microbiome (Gurfield et al., 2017; Brinkerhoff et al.,
2020), itis not surprising that biotic stressors also play an important role. Among these, pathogen presence or infection
status can lead to significant microbiome modulation, resulting in pathogen-induced dysbiosis or the dominance of
specific bacterial taxa. Within this context, it becomes crucial to understand how this tripartite system (comprising
the tick, entomopathogenic fungi, and disease-borne microorganisms) responds to additional external agents.

In a recent study, Mesquita et al. (2023) aimed to explore how the initial steps of entomopathogenic fungal infection
(topical treatment) may trigger changes in the gut bacterial community of R. microplus, and whether disrupting the
pre-existing gut bacterial community (using an antibiotic) affects the tick's susceptibility to the fungus. The study
reported that challenging R. microplus with M. anisopliae changes the tick gut bacterial community. The combined use
of tetracycline (through ingestion) and the fungus (topical treatment) altered the bacterial community by increasing
its diversity. Crucially, the susceptibility of the tick to the entomopathogenic fungus remains unaffected by previous
antibiotic therapy. Additionally, in Mesquita et al. (2023) the authors highlighted that the genus Ehrlichia was found
in the guts from untreated tick females, but it was not detected in the fungus-treated groups. These findings suggest
that fungal treatment may influence the dynamics of pathogens relevant to vertebrate hosts. However, to confirm
this potential effect, specific studies addressing vector competence and pathogen transmissibility would be required.

Formulation Technologies and Delivery Systems

The success of biocontrol agents in agriculture and livestock depends not only on their inherent efficacy, but also
on how they are formulated and delivered in the field. Unlike chemical pesticides, biocontrol products based on
EPF are composed of living organisms or biologically derived molecules that are highly sensitive to environmental
stress, including ultraviolet radiation, desiccation, temperature, and pH (Burges & Jones, 1998; Jaronski, 2010).
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In this way, formulation technologies are critical to maintain viability, prolong shelf life, and optimize the delivery to
the target environment. For agricultural purposes, a reasoned approach includes the propagule type (spore, conidium,
blastospore, microsclerotium), exposure route (foliar, soil/rhizosphere, seed); field microclimate (UV, temperature,
relative humidity); product concentration and delivery device. Likewise, in livestock, effective strategies for controlling
ticks must match the biological control agent, the ectoparasite species, the route of exposure (topical, environmental),
and the formulation and application system suited to animal health practices. In the following sections, particularly
the main approaches related to fungal-based treatment strategies for tick control, are discussed in detail.

EPF such as M. anisopliae, B. bassiana, and C. fumosorosea are among the most studied and widely applied
microbial control agents in agriculture. More recently, researchers have also advanced with the use of species such
as C. javanica and Purpureocillium lilacinum (Angelo et al., 2012; Pereira et al., 2024; Li et al., 2025; Moura et al., 2025).
Their success is strongly influenced by the biological characteristics of their propagules, which define both their ecological
performance, and the formulation strategies required for commercialization. Unlike bacterial endospores, which are
extremely resistant, fungal propagules are relatively sensitive to ultraviolet radiation, desiccation, and temperature,
making formulation a decisive step for ensuring field persistence and efficacy (Inglis et al., 2001; Jaronski, 2010).

The most widely used propagules in EPF-based products are aerial conidia. These structures are hydrophobic,
conferring some tolerance to desiccation and enhancing adhesion to insect cuticles (Inglis et al., 2001; Birnbaum et al.,
2021). However, their hydrophobicity limits dispersibility in water, often requiring surfactants or dispersants for
suspension concentrates (Fadiji et al., 2024). Oil-based formulations have shown strong advantages for aerial conidia,
since vegetable or mineral oils improve deposition on insect cuticles, reduce evaporative stress, and maintain efficacy
under low relative humidity conditions (Umaru & Simarani, 2022; Mahot et al., 2025). The addition of stickers and
spreaders further increases rainfastness, while UV protectants such as lignin, carbon black, or titanium dioxide
are widely used to mitigate photoinactivation during foliar applications (Kaiser et al., 2018). In dry formulations
such as wettable powders (WP) or water-dispersible granules (WDG), conidia can retain viability if water activity is
tightly controlled (Burges, 2012; Lacey, 2012; Lei et al., 2022), whereas in aqueous formulations they lose infectivity
more rapidly unless stabilized with humectants and antioxidants (Seabra et al., 2024).

In addition to aerial conidia, blastospores are increasingly considered as alternative propagules. Their production
via liquid fermentation is more economical and scalable than solid-state methods, making them attractive for industrial
mass production. However, their fragility during drying and storage processes remains a major issue: blastospores are
especially vulnerable to desiccation, UV exposure, and thermal stress, which severely limit their shelf life unless advanced
stabilization strategies are developed. For example, cultivation in nitrogen-rich media has been shown to enhance
desiccation tolerance of blastospores (Mascarin et al., 2024), and efforts to improve desiccation tolerance have been
proposed to mitigate their short shelf stability (Dietsch et al., 2021). Suspension concentrates enriched with protective
solutes such as trehalose, skim milk, or polyvinyl alcohol coating can extend their viability, and microencapsulation in
alginate or starch matrices can also demonstrate positive effects on stability (Hermann et al., 2023).

Another promising fungal propagule for formulation is microsclerotium. These are compact, melanized hyphal
aggregates capable of surviving extended periods of desiccation and regenerating conidia when conditions become
favorable. Microsclerotia are more tolerant to environmental stress than conidia or blastospores and thus are especially
suited for soil application (Paixao et al., 2021). When incorporated into granules or pellets, they germinate in situ,
producing infective conidia that persist in the soil and provide long-term pest suppression. Although the onset of
insect mortality is slower compared to direct application of conidia or blastospores, microsclerotia act as a reservoir
for sustained production of infective units and reduce the frequency of applications (Rivas-Franco et al., 2020).

Excipients

The selection of excipients is a cornerstone in the development of microbial biocontrol formulations,
as these substances not only ensure physical stability but also preserve the viability and infectivity of propagules
during storage, handling, and field application. Carriers, oils, adjuvants, dispersants, humectants, UV protectants,
antioxidants, encapsulating matrices, and preservatives are combined in different ways to meet the specific
requirements of each microbial agent and its target environment in agriculture.

Mineral carriers such as talc, kaolin, diatomite, and bentonite are widely used in solid formulations, where they provide
bulk, flowability, and moisture buffering capacity in WP and WDG. These carriers reduce aggregation, improve handling,
and facilitate dispersion in spray tanks (Burges, 2012). Organic carriers, including starch, maltodextrin, microcrystalline
cellulose, and lignin derivatives, are important in spray-drying and encapsulation processes, where they protect spores and
conidia against thermal and osmotic shocks and promote uniform dispersion in aqueous suspensions (Mishra et al., 2015).
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Vegetable and mineral oils, as well as oil-based adjuvants, are especially advantageous for hydrophobic conidia
of EPF such as Metarhizium sp. and Beauveria sp. (Wraight et al., 2016; De Oliveira et al., 2018). In oil dispersions
(OD) and emulsifiable concentrates (EC), emulsifier packages, typically blends of non-ionic surfactants with carefully
adjusted hydrophilic-lipophilic balance (HLB), are required to ensure tank mix compatibility and physical stability
during application.

In aqueous formulations, dispersants and stickers play a critical role. Lignosulfonates and polyacrylates prevent
sedimentation in suspension concentrates (SC), while non-ionic surfactants improve foliar coverage. Latex and
rosin ester stickers enhance adhesion and rainfastness, which is essential for the performance of fungi exposed
to precipitation in field environments (Fravel, 2005; Glare et al., 2012).

Humectants and osmoprotectants, including glycerol, sorbitol, polyethylene glycol, trehalose, and skim milk
powder, mitigate desiccation stress and improve tolerance to drying, both during industrial processing and after
field application. Their protective effects are particularly important for blastospores, which are more fragile than
aerial conidia. The addition of trehalose or milk solids has been shown to enhance post-processing viability and
extend shelf life in aqueous formulations (Wraight et al., 2001; John et al., 2011).

Protection against UV and oxidative stress is another fundamental requirement, particularly for fungal
conidia applied to foliage. Additives such as lignin, titanium dioxide, carbon black, and optical brighteners reduce
photoinactivation, thereby extending persistence on plant surfaces (Burges, 2012).

In recentyears, encapsulation and controlled-release systems have emerged as advanced strategies to improve
microbial survival and performance. Natural polymers such as alginate, pectin, carrageenan, chitosan, and starch
create protective matrices that regulate hydration, and provide controlled release of microbial propagules in the soil.
Encapsulation also enables the co-delivery of micronutrients and protective agents, which can enhance microbial
establishment in the target habitat (Celestino & Oliveira, 2022; Riseh et al., 2022; Colin et al., 2024).

Another critical aspect in formulation design is the control of contamination, pH, and water activity. Preservative
agents such as potassium sorbate and sodium benzoate help suppress contaminants without affecting the target
microorganism (Islam et al., 2024).

Delivery systems in livestock

Among the various methods used for tick control, the direct treatment of host animals (particularly via spraying
and dipping vats) remains the predominant and most extensively implemented approach (Abbas et al., 2014;
Klafke et al., 2024).

Although dipping vats are theoretically effective for tick control, their practical application has several limitations.
According to Klafke et al. (2024), common issues include the accumulation of organic debris at the bottom of the
vat, the use of off label acaricides, inadequate mixing of the active ingredient, incorrect replenishment procedures,
and water infiltration, all of which contribute significantly to treatment failure. The high volume of formulation
required, and the cost will make this method less viable for fungal applications. The pour-on method, although
practical and fast to apply, is not well-suited for EPF-based products. Unlike synthetic acaricides (whose active
ingredients can diffuse efficiently across most of the animal’s skin surface) EPF require a sufficiently high number
of viable propagules to reach the tick and initiate infection. In pour-on systems, the limiting factor is not necessarily
incomplete body coverage, which can occur effectively through the natural spread of the formulation along hair
and skin secretions, but rather the extremely low dose applied. To remain effective, the formulation would need to
contain very high fungal concentrations while still being able to disperse and remain viable during dilution across
the animal's skin.

Spraying stands out as a practical and suitable delivery method for synthetic acaricides (Klafke et al., 2024) and
it is also more suitable for EPF as it allows a broad and uniform coverage of the animal's body, ensuring better
contact between the fungal spores and the ticks - which supports the mode of action of these microbial agents.
Spraying can be performed using manual or power sprayers, and even using cattle spray racers (Moraes et al., 2023;
Barbieri et al., 2023), and for EPF, its effectiveness is enhanced when applied during periods of low UV radiation,
with attention to nozzle calibration, spray pressure, and direction against the hair coat to maximize deposition on
tick-prone areas (Bahiense et al., 2008; Xu et al., 2023; UDAF, 2020).

Despite its advantages, spraying has its limitations. It often requires individual animal handling, which can be
labor-intensive and impractical for large herds (Moraes et al., 2023). Cattle spray races, or automated walk-through
spraying systems, present a scalable alternative by increasing animal throughput and reducing labor requirements.
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Notably, their use and effectiveness have been demonstrated with oil-based formulations of M. anisopliae, supporting
their potential use in fungal acaricide delivery (Barbieri et al., 2023). It can be an interesting alternative indicated
for big farmers with large cattle herds to increase their adhesion to biological control, since it allows a quick way
to treat hundreds of animals (Barbieri et al., 2023). On the other hand, these systems may involve an initial cost
for purchase and facility installation, and the need for continued maintenance (Moraes et al., 2023).

Given these advantages and challenges, an integrated approach that combines on-animal and environmental
applications is promising for the future of tick control with EPF. It's important to recognize that tick control is primarily
an environmental issue, as a significant portion of the tick life cycle occurs off host. Therefore, innovation in delivery
technologies and strategies is crucial. While direct application remains the most practical, economically viable, and
widely accepted method (especially considering that many cattle producers already use spraying equipment for
chemical acaricides) there is a need to break paradigms and explore environmental applications. This includes
the use of self-propelled sprayers, boom sprayers, and drones for pasture treatment. However, more field-based
studies are needed to validate these approaches and optimize their use for effective tick control.

The effectiveness of microbial control agents in agriculture depends not only on their inherent virulence
but also on the delivery method used in the field. Foliar applications are typically performed with hydraulic
booms, air-blast sprayers, or mist blowers, where droplet size and low-shear pumping are key to maintaining
propagule viability (Jiao et al., 2025). Electrostatic spraying improves deposition on complex canopies with lower
carrier volumes (Herkins et al., 2025). Unmanned aerial systems (UAS/drones) have gained attention for hotspot
applications, but their performance depends on stable, low-foaming formulations and careful droplet management
(Faers et al., 2024). Recent studies with ticks emphasize matching formulation type with application tools, especially
for dry powder systems (Pereira et al., 2024). Additionally, drone-based spraying is gradually being explored for
precision livestock and hotspot management (Pereira et al., 2024; Andrade et al., 2025).

For soil and rhizosphere applications, in-furrow liquids or granules deliver propagules directly to moist zones
favorable for survival. Drip irrigation and chemigation can also distribute microbial formulations, provided filter
maintenance prevents clogging. Banding and side-dressing place microbes near roots, enhancing persistence
(Boari et al., 2008; Bejarano & Puopolo, 2021).

Seed delivery through film-coating or pelleting ensures accurate dosing and good adhesion with polymer
binders (Rocha et al., 2019). Additionally, “attract-and-infect” devices using semiochemicals or pheromones improve
pest-pathogen contact and protect microbes from UV and desiccation, increasing field persistence (Glare etal., 2012;
Dembilio et al., 2018; Hassemer et al., 2020).

This section presented the main application tools used in livestock for tick control, as well as common agricultural
technologies that can be adapted for the application of EPF in the environment, targeting the non-parasitic
phase of ticks. This approach aims to encourage reflection and foster innovation, aligning with best practices in
parasite control, especially considering that management must also be environmental, since most of ticks are
found off host. The evolution of delivery systems reveals promising opportunities by integrating technologies
across agricultural and livestock sectors. The convergence of tools used by livestock and crop producers, often
represented by the same individual, allows for resource optimization, avoiding the need for new equipment and
promoting operational synergies. Integrated pest management, applied to both agriculture and livestock, gains
strength through the possibility of joint application of compatible microorganisms targeting multiple pests, such as
nematodes, spittlebugs, phytopathogenic fungi, and ticks. This practice not only reduces costs but also enhances
the sustainability and efficiency of production systems, pointing to a trend of innovation and best practices in the
control of parasites of veterinary and agricultural importance.

Ultimately, this integration underlines the practicality and accessibility of biological delivery systems for producers
who are both farmers and cattle raisers. Shared spray assets, drones, formulations that suit both crop and pasture
environments, and the reduced need for redundantinfrastructure all lower entry barriers. These factors help drive
adoption of biologically based control methods, improving sustainability, cost-efficiency, and innovation in mixed
production systems.

Integration with Chemical Acaricides

The integration of tick control methods has been proposed as a more sustainable alternative, combining the
rational use of synthetic, biological, and immunological acaricides with genetic improvement and environmental
management (Mollong et al., 2025).

Rev Bras Parasitol Vet 2026; 35(1): e019725 11/39



Fungi for tick control

The combination of biological and synthetic pest control is already widely used in agricultural crops in Brazil, as
demonstrated in a recent study by Medyk et al. (2025), who evaluated the productivity of a corn (Zea mays) plantation
using different pest control treatments. The treatments tested included synthetic insecticides (Imidacloprid combined
with Beta-cyfluthrin), a biological insecticide (B. bassiana), and a combination of both. According to their results,
treatments with synthetic insecticides and the combination of synthetic and biological insecticides significantly
increased productivity, as assessed by the parameters of number of grains per ear and thousand-grain weight,
compared to the biological treatment alone and the control group. The data demonstrated that, to optimize pest
control and ensure higher productivity, the combination of chemical and biological methods is the most effective
strategy. These results emphasize the importance of integrated pest management practices to achieve efficient
and sustainable agricultural production.

In the context of integrated tick control, using EPF in combination with synthetic acaricides has proven to be
a promising strategy (Webster et al., 2015), as it is effective even in tick populations that are already resistant to
synthetic acaricides (Bahiense et al., 2006; Barci et al., 2009; Webster et al., 2015; Carneiro et al., 2022). However,
studies have demonstrated that interactions with certain synthetic acaricides may negatively affect fungal
germination and colony development (Soares & Monteiro, 2011; Carneiro et al., 2022). These findings reinforce
that the compatibility between the control agents is highly context-dependent and is influenced by factors such as
the fungal species, isolate, the type of propagule, the active ingredient, as well as the formulation and adjuvants
employed (Barci et al., 2009; Alonso-Diaz & Fernandez-Salas, 2021).

One approach to assessing fungus-acaricide interactions is through in vitro assays, in which culture
media are supplemented with defined concentrations of acaricides and subsequently inoculated with fungal
suspensions. Barci et al. (2009) evaluated the compatibility between two B. bassiana isolates (IBCB66 and
IBCB21) with flumethrin combined with coumaphos, deltamethrin, dichlorvos combined with cypermethrin,
dichlorvos combined with chlorpyrifos, cypermethrin high cis, dichlorvos combined with cypermethrin high cis,
cypermethrin, and amitraz used to control R. microplus. The authors observed an isolate-dependent variation
in compatibility, with IBCB66 exhibiting higher tolerance to the acaricides deltamethrin, high-cis cypermethrin,
and amitraz, as these compounds did not significantly impair key fungal developmental parameters, including
vegetative growth, conidial production, and viability. In contrast, IBCB21 exhibited lower tolerance to most
of these acaricides. In that study, among the products tested, only deltamethrin exhibited no apparent toxic
effects on either isolate. Similarly, but using M. anisopliae ESALQ E9, Soares & Monteiro (2011) evaluated the
compatibility of the fungus with amitraz combined with chlorpyrifos, cypermethrin, dichlorvos combined with
chlorfenvinphos, cypermethrin combined with chlorpyrifos and citronellal, spinosad, in different concentrations.
Most of the products tested were not compatible with this M. anisopliae isolate, as they inhibited fungal growth
and sporulation. Only the acaricides formulated with cypermethrin and spinosad exhibited some compatibility
for use in a possible associated use strategy. At this point, it is reasonable to mention that the acaricide’s
adjuvants in the commercial formulations may also be as important as drugs themselves to determine their
compatibility with fungal agents.

In addition to these tests in culture media, some studies have evaluated the association of EPF and acaricides on
ticks. In the study conducted by Bahiense et al. (2006), the authors evaluated the compatibility between the fungus
M. anisopliae ESALQ 959 and a synthetic acaricide based on deltamethrin against a strain of R. microplus resistant to
this pyrethroid. The authors observed that the combination of pyrethroid and fungus resulted in higher mortality
rates of R. microplus larvae than those obtained with the respective uncombined concentrations, demonstrating
that combining the two methods improved efficacy.

The effectiveness of combining EPF with chemical acaricides has also been demonstrated in field trials for
controlling R. microplus. Webster et al. (2015) combined cypermethrin and chlorpyrifos with M. anisopliae TIS-
BRO3 and evaluated its effectiveness in field tests on the Jaguar strain of R. microplus (multiresistant to six classes
of chemical acaricides). Four experimental groups were formed, which were sprayed with G1: acaricide solution;
G2: fungal suspension alone; G3: combination of fungal suspension with acaricide solution; G4: control group
that received no treatment. As a result, the authors observed efficacy values of 71%, 56%, and 97% for groups
G1, G2, and G3, respectively, demonstrating that the combination of the two methods (biological and chemical)
increased the efficacy over the tick population, suggesting that this could be a tool for controlling resistant strains.
Additionally, Webster et al. (2015) proposed the integrated use of acaricides in combination with fungal agents as
a recommendation that may help to popularize biological control among cattle ranchers, especially for those still
using only traditional practices.
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Given these promising results obtained using EPF in both in vitro tests and field experiments, research is being
conducted to improve the production and formulation of these microbial agents. Accordingly, different types of
fungal propagules can be used, such as aerial conidia (Bahiense et al., 2006), microsclerotia (Mascarin et al., 2014;
Mascarin et al., 2019; Marciano et al., 2021), and blastospores (Bernardo et al., 2018; Corval et al., 2021). These
propagules were recently tested by Carneiro et al. (2022), who evaluated their compatibility with different chemical
acaricides. For aerial conidia, M. robertsii ARSEF 2575 and Metarhizium pingshaense LCM S09 were used, along
with acaricides based on amitraz, deltamethrin, and a commercial combination of cypermethrin + chlorpyrifos +
citronellal. The conidial suspensions were kept in contact with each of the acaricides for 1, 5, 10, and 24 hours and
were subsequently inoculated into culture medium for quantification of colony-forming units. For the compatibility
test of blastospores and microsclerotia with acaricides, the same methodology described above for conidia was used.
However, for microsclerotia, after incubation with synthetic acaricides, an aliquot of this propagule was transferred
to culture medium, and germination was evaluated after 72 h. In addition to these tests in culture medium, the
authors also evaluated the effect of the association of deltamethrin with the different propagules of M. robertsii
or M. pingshaense on engorged females of R. microplus. In general, the conidia and microsclerotia propagules of
the fungal isolates tested were more compatible with synthetic acaricides than the blastospores. In bioassays with
R. microplus engorged females, the combination of M. pingshaense and deltamethrin achieved the highest level of
control compared with either the fungus or the synthetic acaricide applied alone (Carneiro et al., 2022).

Most studies evaluating the association between EPF and synthetic acaricides were conducted using the
microorganism in aqueous suspension (Bahiense et al., 2006; Webster et al., 2015; Carneiro et al., 2022). Although
this method of application is practical and widely used in laboratory and field experiments, it exposes fungal
propagules to various abiotic factors, in addition to possible adverse chemical interactions with the active ingredients
and adjuvants present in acaricide formulations. However, when microorganisms are formulated with protective
agents, a significant improvement in the compatibility and stability of fungi when combined with chemicals can
be observed, as demonstrated by Lopes et al. (2011). These authors evaluated the protective capacity of an oily
formulation (dispersion oil) for conidia of M. anisopliae (ESALQ 1037) and B. bassiana (CG 1027), associated with the
chemical fungicides triadimefon and carbendazim. The results showed that the effect of the fungicides was nil or
minimal for EPF conidia, as there was no reduction in fungal germination rate or virulence in the groups containing
the oil formulation when compared to the aqueous group. Compounds such as vegetable oils, emulsifiers, neutral
surfactants, and inert carriers act as physical barriers, reducing direct contact between fungal conidia and the
active ingredients in acaricides. These additives help minimize the harmful effects of solvents, stabilizers, and
surfactants (Kinyanjui et al., 2025).

These studies reinforce the importance of integrating the different control tools available for ticks. From the
literature, combining synthetic acaricides with entomopathogenic fungi may be feasible. However, all the factors
discussed above must be considered, as several determinants can negatively influence the interaction between
fungi and chemicals. It is important to conduct further studies evaluating the application forms and combinations,
but above all, more tests under field conditions.

Field Applications and Real-World Efficacy

As mentioned previously, tick control using fungi can rely on two main approaches: (i) the application of EPF
directly onto infested animals, targeting tick control (larvae, nymphs, and adults) during their parasitic phase; or (ii)
the application of these fungi to the soil, targeting tick control during their non-parasitic phase (for monoxenous
ticks: engorged females, eggs, and unfed larvae; for heteroxenous ticks: eggs; larvae, nymphs and adults - unfed
and engorged). Figure 2 exemplifies these different treatment approaches in the context of R. microplus.

On-host application

To date, approximately 20 studies had been conducted in which the fungus was sprayed directly to the host, and
varying levels of efficacy were observed (Table 1). The first field study involving direct application to animals was
conducted using B. bassiana (1 x 108 conidia/mL), which was applied to the ears of cattle infested with Dermacentor
nitens. After 35 days, the treatment achieved 70% efficacy. However, the fungus did not affect the reproductive biology
of the engorged females recovered from the animals (Monteiro et al., 2003). The first studies with R. microplus were
conducted using M. anisopliae s.I. applied to cattle artificially infested under stall test (Bahiense et al., 2007) and to
naturally infested cattle under field trials (Alonso-Diaz et al., 2007). In the study conducted by Bahiense et al. (2007),
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an aqueous suspension of M. anisopliae (ESALQ-959) at a concentration of 8 x 108 conidia/mL was used, resulting in
an average mortality rate of 33% among ticks recovered from animals and a 19% reduction in the oviposition index.
Alonso-Diaz et al. (2007) performed biweekly applications of a M. anisopliae (Ma34) suspension at 1 x 108 conidia/mL
for two months and observed, from the second application onward, a significant reduction in tick infestation, with
efficacy ranging from 40% to 91% over the experimental period.

The use of adjuvants, including mineral, vegetable, and silicon oil, has enhanced the efficacy of field studies aimed
at tick control (Camargo et al.,, 2016; Zeina et al., 2022). This improvement is associated with enhanced adhesion of
conidia to the tick cuticle, which facilitates fungal germination and penetration into the target arthropod (Angelo et al.,
2010; Camargo et al.,, 2012). In addition, adjuvants contribute to protecting the fungus from stressful abiotic factors such
as low humidity, high temperatures, and ultraviolet radiation (Barreto et al., 2016; Fernandes et al., 2015; Muniz et al.,
2020). This protection against abiotic stress factors becomes even more relevant when fungi are applied directly to
cattle, an environment that differs substantially from the natural habitats where EPF typically occur. Such conditions
likely expose the fungi to greater environmental stress, thereby emphasizing the importance of protective formulations
and adjuvants to maintain their viability and infectivity. Moreover, it is important to observe that the adjuvants used in
these studies are not merely inert components; they also exhibited direct toxic effects on ticks in the used concentrations
(Camargo et al., 2014; Barbieri et al., 2023), which undoubtedly contributes to the enhanced efficacy observed.

Most field and semi-field studies using EPF for tick control have been conducted with fungi of the genus
Metarhizium, which has been identified as the most promising group for this purpose (Beys-da-Silva et al., 2020;
Monteiro et al., 2024). However, studies using fungi of the genus Beauveria have also been reported, showing
favorable results (Fernandes et al., 2008; Monteiro et al., 2024). Fungi of the genus Cordyceps have attracted
increasing interest in Brazil in recent years due to their potential for arthropod biocontrol in crop protection
(Monteiro et al., 2024; Mascarin et al., 2024). Although studies have already demonstrated their pathogenicity
against ticks under laboratory conditions (Angelo et al., 2012), no field evaluations have been conducted to date.

On host application Application in the field

““““““

mycoacaricide
. application

Mycoacaricide \
| applied direct
1\ tothehost //

. o/ Spraying \,
e f-j| drones i
i i\ canalso Ji

T e e R e

Southern cattle tick management using
entomopathogenic fungi can involve either direct
treatment of the host animals or environmental
applications aimed at off-host developmental stages

Figure 2. Overview of cattle tick control strategies using entomopathogenic fungi, including direct application to infested animals
during the parasitic phase and field application targeting non-parasitic tick stages.

Rev Bras Parasitol Vet 2026; 35(1): e019725 14/39



Fungi for tick control

‘Peasn uolleJiusduod

je8und - () "synpy :v ‘sydwAN :N ‘aeate 7 's833 :3 '(*/) sapox {('y) bwwoAjquiy (*q) 4103uadowiiaqg (y) snjoydasidiyy sxa11 ('d) wnyjjipoanding (°g) bliaannag (‘W) wniziyipiapy 18uny dlusdoyiedowoluy

(¥ pue N “7)
snydoJojw "y X wnijofiasnqian
'S 43IM JOU JO pauiquiod
apjljdosjup "y J0 e1pIu0)

*ANpunda) padnpaJ palqIyxa
S9|ewa) paJanodal pue ‘uonedijdde-isod shep |z
pue ‘7| ‘/ 3B SIUN0J 3213 PINPaJ SjUSWILRaI] 3y L

(wdd 000°07) wnijofinsnguan
'S s0L x L) 6LEBIN UlRAS

(v pue N )
snjdoadiw "y X yanopazo
‘A 30U 1O PaUIqIod 'S
pUDISSHQ °g JO BIPIUOD

‘Kjan1dadsal ‘pe6e
pue %6 O S31DBIIY Ul PaINsaJ 10eJIxa ue|d ayl yum
UOIIRUIqUIOD Ul JO Uoje sNSUNy ay3 YIIm juswieal]

(%10 08 U2am]) uoisuadsns
snoanbe 1des1xa jueld yum
10U I0 pauIqulod (501 x ¥'2)

‘Ajeriow %6 pauqIyxe sjewlue pajessy
Wi0J) Pa323]|0d Sy 3jiym ‘AjaAndadsad quawiieali-isod (9%50°0) 00 L-X UOILIL pue (Jio (v pue N
SUIUOW UDASS PUB “UN0J ‘934Y) 1B %7/ PUR ‘%6/L ‘%ES  9|qRISIA %07) Uuoisuadsns 1) SNI0J0J0IaP “Y D IS)IaNS Y
4O SJUNOD X213 Ul SUOIDNPAJ Ul Pa3NsaJ JUsWwileall 9yl Paseq-10 (s01 x L) LYN UIeiS x °|'s aoydosiup “y Jo eipiuod

(pa1i0dal 30U UOREIUSIUOD)
wing ueyiuex pue 2je1 ‘9so1e|
SululeIu0d uoneINWIo)
(s01x1)wq/gL uens

‘S|ewiue Pa1esJl Wody
paJan0daJ sajews) pagio8ua ul Apunday padnpau
YIm SUO|E ‘PIEMUO 329M PUIYI BUI WO PIAISSQO

SeM (WW <) UOIILISS4UI 3213 JNPE Ul UOIIdPNPAJ %S/ Y

(v pue N “7) snjdoojw -y
x '|'s abyjdosjun “y 0 eipiuod

‘poriad uoreniens Aep-gz e JIA0 %08 03 %81
woJj SuiSues A2ed1443 YIIM ‘SIUNOI 3213 Ul UOfIdNPaY

|98 paziawAjod aso|n||9d
‘(601 x 1) 986 OTVST ulens

(10 91qe3=a3an
%01) uoisuadsns paseq-|10 (v pue N “7) snjdoojw -y
(501 x §'T®7) 9LINIYY UIRIAS  x °|'S a0J/dOS|uD ")y 4O BIPIUOD

“(%6°0€) Sn3uny ay1 yum (wdd g7) (v puenN 1)
pauIqWI0d UlyIaWelap yum paieaty dnoad syy pue uysweldPp (%10 08 snjdooiw Y x unyisweyap
(959°8€) UlIYIDWEI PP UM paieasy dnoud syl usamiaq Uaam]) uoisuadsns snosnbe  yiim Jou JO pauIquiod °|'s
PaAJISCO sem AJijeriow 3o Ul 9duadaip Juedliudis oN  ‘(s0Lx 1) 656 OTVST ulens avjjdosjup “py o eipiuo)

(V pue N “7) suayu ‘g
x '|'S bUDISSD] *g 4O BIPIUOD

‘shep z ulyum Ayjjeriow
%001 P=1qIYx3 D, 8 38 Aiojeoge| sy ul pareqnoul
pue JuaWIeaL) 4214 A|91eIpaWwWl Pa1dd||0d SHIIL

‘02" L6 01 %0 woJy Suiued
£oeD1J9 YIIM ‘panISSqo sem UOIIRISUl Ul UoIdNpal
juedlusis e piemuo uonedijdde puodas ay3 wol4

(%1°0 08 UaMm]) uoisuadsns (V pue N “1) snjdoojw -y
snoanbe {(;01x1) PERN UIRS x |'S apj/dosiup “py 4O eIPIUOD

(%1008
usam]) uoisuadsns snoanbe

(501x8) 656 O1VS3 UleNS

'sajeway pagio3ua Jo xapul uondnpoud 383
9Y3 Ul uonanpaJ pue %eg Jo Ajjeriow ¥a13 parioday

(v pue N 1) snjdoojw -y
x '|'S abjjdosiup "y 0 eipluo)

3ned

91 WoJ} paJanodal sajews) pagiodus ayi jo ASojoiq

aAndNpoadal 3yl 19944e 30U pIp snSuny ay3 'ISASMOH
Juswieal ayy Jaye shep G 9170/ 40 Aoediyq

(%1008
usam]) uoisuadsns snoanbe

(s01x8) 986 OTVS3 Ulens

(V pue N ) suaju
‘d x °|I'S bupIssbq °g JO eIpIu0)D

paisajul A|enyile
3|ned pajgeis
uo (x1) Sulheids

pajsayul Ajjenyi.e
3|1ed pajgels
uo (x1) Suifeids

dned
paisajul Ajjeanieu
pue Ajjepyile
uo (syuow 7|
10} SY9dM 7 10 €
A1ana x 1) Suikeads

amed

paisajul Ajjeanieu

uo (sjeasdul Aep-£
1e x¢€) Suikeuds

pajsayul Ajjenye
sasJoy pa|gels
uo (x 1) Sulfeids

pajsayul Ajepdyie
9]13ed p3|gelS
uo (x 1) 3uiheads

paisajul A||enyinle
3|ned pajgeis
uo (x1) 8ulheids

31ed
paisajul Ajjednieu
uo (syjuow z JoJ
shep G| A1ana x 1)
Suifeads

pajsayul Ajendiyie
9]13ed p3|gels
uo (x 1) 3uiheads

paisajul A|enyile
3|ned pajgeis
uo (x1) Sulfeids

(€102)

‘|e 19 ZaujIeN-owoy

(1102) "|e 32 esnos

(11072) ‘|e 19 eheey

(6007) |e 39 zado1

'(6002) 'Ie 3@ eznos

(8007) ‘|e 32 uowaaT

(8007) ‘|e 12 asuaiyeq

(£0072) '[e 32 zejg-osuoly

(£002) '|e 39 Ssualyeg

(£002) "|e 32 OJIRIUOIA

Isoy ay3 uo

s3nsay uoisuadsns / uiesls $P21L x 1Sung

Apnis jo adA}

ERTESEIEN]

uonedjjdde jo ays

‘uoljed|jdde [BIUBLLIUOIIAUS 4O 3SOY BIA |043U0D X213 404 [Suny diuaSoyiedowolud JO 3SN 3y} UO SIIPNIS °L d|qeL

15/39

Rev Bras Parasitol Vet 2026; 35(1): e019725



Fungi for tick control

‘Pasn uoleJiuaduod

1e8un4 - () ‘synpy :v ‘sydwAN :N ‘2eateq 75883 :3 (') sapox; (YY) bwwoAjquiy {(*q) 403uadpwiiaq ‘(y) snjpydadidiyy :sy11 *('d) wnijnoainding [(°g) bliaAnpag (‘W) wniziyiniapy :18uny diusdoyredowoiu]

"9JUISIDW Y 10 PAIDG *| JO S2USPIDUI BYI 3dNPaJIou pIp  “(%S'L 00 L-X UOILIL pUB %G'E

(v pueN )

amed

uone|nwioy [e8uny ay ] ‘syuaididnxa uoneNWIo) 3yl YIm Ajuo auasolanb !9Ge |10 9|qe1a8an wnipdalipA ‘v pue snipJojolap paisajul Ajjeinieu uo

paieas) dnoJg sy wody A||ed1SIeIS JaLIP 10U PIP 3 I9ASMOY - J403211) 3oNpoJd [e1diswwod

‘%52 Jo Aord1YJa Ue PaYGIYXe Uone|nwLIo) [eSun) ay L (:0Lx1)Z 3dIDI ulens

"(%20°0) 00L-X uolL
(%S'C 110 |eJauUIW ‘%100 |10
U0dI[IS :Z0BIA ‘%G |10 [esauiw

‘10BN uoisuadsns paseq
-0 :(,01xS) 92-3d3D ulens

"(%¥5-0 :Aoed1yy9) Lz+ Aep uo
Ajuo uopdNpPaJ pap|alk uoneINWLIOS LOBA 9Y) SeaJaym
(9599-7¢€ Aoed14d) | Z+ pue £+ SAep uaamiaq sjewiue
Uo SY211 JO Jaquuinu ayl padnpaJ uoienwo) ZOe ayL

(Qw 10 - 08 usamy)
uolsuadsns snoanbe ;0L x 1)
LB\ pue yee|N ulens
(219e1989A 9%401)
uolsuadsns paseq-|1o Yyum
(%520°0) ®@NJ4y1->eaig Jo
@esljleg ((s0Lx1l) ®qd-033
pue Ly-qg ‘Zz-qg ulens
(J1o |eJauiwW %0 1) uoisuadsns
paseq-|I0 !e|l4JeIDN)
1npoud jeppaswwod
(01 x 1) 63 OVS3
pue /€0l OTVS3 ulens

‘pouiad uonen|eas ayl 1noy3nolyl (FEeN) %L/
01 0 WoJj pue (#1e|A) %15 01 0 wody padues sapediy

"313382 9y} WOJ) paJanodal

sajeway padio3ua Aq padnpoud s33a jo Aljigela pue
Auenb ayy yiog pasnpad syuawileall ||y ‘%8 03
%€ | woJy padues sdnoud paieass ul Ayjeriow a1

‘dnoJg joJ3u0d
|10 Y3 01 paJsedwod %65 91 pue dnoug |043u0d
J91eM 33 03 paledwod %60°S/ JO Adediyya adelany

"3]3382 UO SH213 JO JaqUInu
3Y} Ul UOIRdNPAI B Ul PR}NS3J UOIIRUIGUIOD ZBJWE
+snduny ay3 yum pue snguny ay3 Yym syuswiess|

zeJyuwe (|10 9|qe1a8an
%G 1) uoisuadsns paseq-|io
(01 x 1) £0 3dIDI utens
(%S0°0)
soyduAdio|yd + (%20°0)
uyIswIRdA> (%z0'0 001-X
uo0lli]) uoisuadsns snoanbe
(501 x 1) €049-SIL urens
(10 [eJaUIW %0 1) uoisuadsns
P3seq-|I0 {g|14IBIBIN)
1onpo.ud |ejpJawwod
(s0L x 1) 63 OVS3
pue /€01 OTVS3 ulens
Jqpw
WIS Ul JO ‘2JnIXIW 9504dNS
-U2Jel1s e Ul paie|nwioy Jo
‘(10 [eJaUIW %0 1) uoisuadsns
paseq-|i0 4o (%100
00L-X uollil) uoisuadsns
snoanbe !/-|\ urens

"3PIDLIEDE |BIIWIBYD DY) pUB ap//dos/ub “ JO UOeUIqUIOD
3U) UM 96°L6 PUB SUO|e apjjdosIun ‘W UIM %E°9G ‘duole
JUSWIER) SPIDIIEIR [DILIBYD UM 91"/ JO Aoediy]

*dnoJg |0J3u0d |10 9Y3 03 pasedwod %80 pue dnoud
|0J3U0D J31eM 3Y3 01 paJedwod %t/ /1 40 Adediy

AloAndadsal
‘syinpe pue sydwAu ojul pajjow pue padojansp 1eyl
sydwAu pue aeAle| pajun Jo Jaqwinu ay3 Ul UoRdINPay

Y ‘smwpnaipuaddo Yy
X abjjdosiup "y 0 eipluo)

(v pue N “7) snjdosojw -y
x apjjdosiup ‘py 40 eipiuod

(v pue N 1) snjdosjw y
x apijdosiup “py 40 BIPIUOD

(v puenN )
snjdouoiu Y x syuean(pe
Y3IM JOoU JO pauIquiod
pUDISSHQ °g JO BIPIUOD

(v pue N “7) snjdoonw -y
x apijdosiup “py 4O BIPILOD
(v pue N ")
SN30J0J023P Y x ZeJIWY
U3IM 10U JO pauiquiod
apjjdosiup “y J0 eipiuod
(v pueN ‘)
snydo.ojw -y x soyduAdio|yd
+ upyswadAo yum
10U JO paulquiod
apjjdosiun “yy 40 eIlpIuod

(v pue N 1) snjdoojw -y
x abJ|dosiup "y 0 eipluod)

(V pue N “7) snauin8ups °y
x wnauuniq ‘p Jo eipiuod

(sAep zg1 1o} shep 17|

Kiana xg ) 8uikedds  (z0z) '|e 3@ opuno

amed
paisajul Ajjeanieu
uo (x 1) Suiheids
amed
pa1sajul Ajjeanieu uo
(09 pue ‘st '0€ ‘'SL ‘0
sAep - xg) Suifeids
3|1ed paisajul
Allenyne pue
pauljuod Ajjented
uo (z+ Aep pue Q
Kep uo xz) Suikeuds

(£207) "|e 19 uaIqJeg

(zzo2)
‘|e 18 ze|g-0suoly

(zz0?) '|e 32 BUIDZ

dned
pa31sajul Ajjednieu
uo (g+ Aep pue Q
Kep uo x7) Suikeuds (9107) ‘|e 12 08iewe)
dned
pa31sajul Aj|ednieu uo
(sAep gz 1o} skep /
K1ans x 1) Suiheads  (e9107) ‘|e 32 nSUNA
3|1ed paIsajul
Ajjeanieu uo (sAep
191 4oy shep gz Jo |z
K1ans x |) Sulheuds
paisajul
Allenynie aped
pa|ge3s uo (syuow
z Jojshep g|
A1ana x 1) Suikeads

(5102) "|e 32 J31sgaM

(7102) "|e 3@ 034ewe)

slqgeJ pue s|iqJa8
pa1sajul Ajjerdiyiie

uo uikesds (€102) "|e 3930y

sj|nsay uoisuadsns 7 uiess

SPIL x 18uny

Apnas jo adA} ERITESETEN] uonedijdde jo ays

“"panunuo) °| ajqeL

16/39

Rev Bras Parasitol Vet 2026; 35(1): e019725



Fungi for tick control

‘Pasn uolleJiusduod

je8und - () "synpy v ‘sydwAN :N ‘oeate] 7 !s883 :3 '('/) sapox {('y) bwwoAjquiy (@) J03uadpwiiaqg (y) snjoydadidiyy sxa11 (‘d) wnyjjipoainding (°g) bliaannag (‘W) wniziyipiapy 18uny djus8oyiedowoluy

(08 usam |
%1 pue |Io ulod %S el
‘193BM PI||1ASIP 3|143IS %S 6Y)
uole|NWJIO) 3|gelIS|NWD
(01x1) £0 3dIDI UlRAS

(zw 00L/5340ds 3|geIA 1,01X5T)
764 utess avjjdosjun ‘W - 53
pJeniuelog pue (;w o L/sa40ds
3|geIn 0L xZ'7) YHD Uleis
pupISSHq °g - 0L SllednieN
“muu:_uo‘_a S|elnJauwwod
(W 00 L/]W §°S6 - 12npoud
40 s3.0ds 3|qeIn ,,01xE7)
0¥0¥Z DJLV Ulens pupissnq °g

‘05£9 JO UOIDNP3J Y11 SAIR|SJ B pasned
P3112Q-|B2IWBYI0IWSS PI1LI1-a0//dOSIUD WNIZIYIDIBN

‘seale
|043U0D 3y3 01 paJedwod seale paieasd ay3 ul sydwAu
40 Jagquinu ay3 padnpaJ Apuedyiugis synpoud ||y

'UodNpPaJ [eAIR]| %E ]S
pasned uope|nNwJo} uelq 1eayp "% 19 01 dn Suiydeau
‘uopdNPaJ [eAle| 1saySiy ay) pasned uoenwioy suoneNWIOo4 PIjoS Z pue (%,
U2aM] 33 ‘|elsl puodas ayl u| ‘AjoAildadsad ‘uondnpal auljoJl) 40 %1°0 08 Usam]
uonejndod 9%Z'6 pue %8'/9 pasned ueiq 1eaym pue  Yim) suopejnwiioy snoanbe g
SM[9D Ul SUOIIRINWIOY [BIPIUOD ‘|BLIY PB4 3SIY 3YI U] (;W/N4D 601 x 7) 7L BIA Ulens

(pa110daJ 30U SUOIIBIIUSIUOD)
wng ueyiuex pue d|ey
9S012€| Y}IM uolle|nuiioy (ey
/BIPIU0I 7,01 xG) WQ/LEL UlenS

(eu/8% 05 @319
10 BY/3Y 0§ :UBIQ 183YM UIIM)

‘Juswileall Jaye yaam auo uonendod |eae| sy
Ul UOIIPNPAJ %98 Ue pasned uoliejnulioy [eguny ayl

"AjpAdadsal “TW/eIPIud (0| PUB 01 10} %8'ES PUB %8 L€
sem 31 Aesseolq pJaiya auy3 ul ‘Ajsandadsad “Ju/eIpiuod (0|
pue ,01 40} %EZG PUE %S5°ZZ SeM )l Aesseolq puodas au

ul ‘AlpAndadsal ‘|uw/elpiuod 40| pUe 01 40} 9%t/ L pue
%6°Z | Sem Aesseolq 1s.1y 343 J0} 31eJ UoRINPaJ 203 YL

(paypads
jou anIsaype Suipeauds)
uolsuadsns snoanbe (0|
pue,0l) 656 O1VS3 ulens

J93em ul pain|ip (pPWIS L
|ea130j01g Ise|g-01g)
1onpoud |eJawwod
(s0Lx¥) L DS3 ulens

"(z6/€) dnoJg [0J1U0D BY) Ul 9%E SNSIDA
(92/0%) %eS sem dnoug pareasy ayy ul Aljeriow 3a11

‘zi7 Aep jun 3unse| ‘piemuo
12 Aep woJy (%50 Y3iea Snoadewolelp +,01x| BIA) (%1'0) 08 Usam] (%S0
%08 pue (%S/ 0 Yres snoadewolelp + 0LxL BIA) %06 ° %S/'0) Yres snosdewolelp

(V) wninSarion v

x °|'S apyjdosiup ‘yy o eIpIuod)

(N)
sLpindoas | x apydosiun W
pue pupissbq °g JO eIpIUOD

(1) snydoojw -y
x apjjdosjup “py 40 BIPIUOD

(1) snydoojw -y
x apJ|dosjup "y Jo eipluod)

(1) snydooiw -y
x abjjdosjup “y Jo eIpIu0)D

(V) stpjndoos
x apljdosjup “py 40 eIPIUOD

(V pue N “7) snjdoojw -y

sdey paileq

-|E2IWBYI0IWDS YIIM
pa1e120SSe uoeIa8an

paisajul Ajenyiie

uo (gz pue | ‘0
Kep - xg) uifeids

(puejpoom pue ume|)

S91IS |elIUSPISaI
pa31sajul Ajjednieu
uo (xz) 8uifeids

uoe1agan paisaul
(|e113 puodas)
Ajjernynie pue
(jei1 3sa1y) Ajjeanieu
uo (x 1) Suiheids

uoeI8aA
paisajul Ajjeanieu
uo (sjeataiul Aep-z
1e x€) Suifesds

uonelagan
pajsayul Ajjenyie
uo (skesseolq €
sem )1 ‘Aesseolq
Jad x ) Suifesds

uoneladan
paisajul Ajjeanieu
uo (x 1) 3uiheids

d|ned
paisajul Ajjeanieu
uo (|LZ pue g skep

(0102) "le 3@ NYdN

(0102)
ue|ly 3 pJoyels

(0102)
‘|e 32 unSeyes-jasuy

(6002) "2 39 z2d9T

(€002)
‘| 18 NodURNIg

(z002)

‘e ‘ulwelusg  JUSWUOAIAUL 3Yy3 U]

(5202)

anoqe sanjeA uiydead ‘Ajpnaissasdoad paseasoul Loediy3 (0LxL 9 ,0LxL) 7LBIN UlellS  x apjjdosiup “jy 4O eipiuod uo x7) 3ulhesds ‘|e 19 eJanly-edlunz
amed
‘Sjewiue pajeay (V pue N “7) snydoiw -y paisajul Ajjeanieu
U0 SY211 JO Jaguinu 3yl pasnpaJ suonedidde |e8un4 (501 x1) €97 dVIN| utens x bUDISSDQ °g JO BIPIUOD uo (xg) 8uifeads (5202) ‘|e 12 03|epIH
s3|nsay uoisuadsns 7 uiens 1L x 18un4 Apn3s jo adAL ERIVESETEN] uonesijdde jo ays

“"panunuo) °| ajqeL

17/39

Rev Bras Parasitol Vet 2026; 35(1): e019725



Fungi for tick control

‘PasN UOLIUSIUOD
je8und - () "synpy :v ‘sydwAN :N ‘oeate 7 's883 :3 '('/) sapox (YY) bwwoAjquiy (@) J03uadpwiiaqg (y) snjoydasidiyy sxa11 ('d) wnijjipoainding (°g) bliaannag (‘W) wniziyipiapy 18uny dlusdoyiedowoiuy

(abijdosiup ‘W %1 1)

‘|leriy 3y Jano suopedijdde jeuonippe omy apId13dasulolg D3 ZSIBIN (N) wnupdLi2Wp uolIeI93aN
paJinbau pue ‘supindpas °| oy pjoysalyy uoissaiddns  1onpoud jepsawwod (Qold  bwwoAiquy pue sLipindpas paisajul Ajjeanieu (1202)
%06 € ulejulew 031 pajle) apididasulolg D3 ¢SIBIN /IV W 9°01) 254 ulens ‘| X apjjdosjup " JO e1pIuo) uo (xg) Suikesds uepJof ‘az|nyss
(wnijjAsd pue ason|22
aul||eISAID04DIW) UolIe|NW.IOY (317N V) snjdooiw -y uoeI8an
‘(B13049|250421W) %G9 pue Jejnueld (;wd/3w gz°0 x 11S342q0.J "y 0 salodsoise|q  paisajul Ajenuynie (1z02)
(sa40dsoise|q) %8¢ 4O (Uonen|eas 1saiy) Aoediya anine|ay pue g'0) 91| d| urens pue e1loJaISoIN uo (x 1) 3uiheads ‘|e 3@ oueie
(08 UdaM | 9| pue
‘%96 |10 9]L1283A JO |eJaUIW %0 )
P3aA3IYIE |10 |BJaUIW Ul UOIBINWIOS /€ DD 93Ul 3|IYM  SUOIS|NWSI |10 3|gerIa8aA pue uoleI93aN
‘906 40 Aoed1yya [043U0d 13 d8eJane ue Ul paynsal |eJaulw (;uwd/e1piuod 0| xz) (317N V) snjdooiw -y paisajul Ajlenunie (0z02)
|10 9]qe1983A pue 817 DD UIUILIUOD UOIS|NW 3y L /Y€ DD PUB 8L DD UIRNS  x °|'S apjjdosiup “py JO eipiuod uo (x 1) 3uiheids ‘|e 3@ ouelie
(08 usam .
%1 pue |10 [eJaulW %Q1) uolIeI93aN
'sjod |043U0D By uey) deAle| UuoIS|NWI J91eM-UI-|10 !(;wd (37N V) snjdooiw -y paisajul Ajlenunie

Jamay Ajpuediiudis pey siod sseud pajeasi-snduny ayl /eipiuod ,0Lx L) #0 INDT Ulells  x apnjdosiun ‘yy 4O eipiuoD uo (x1) 3uihesds  (0z0z) ‘|e 12 eanbsay

28e1j04 Y293q

Juswieay [eSuny Jaye syan Jnpe /eo Aq paJanod
se paJanodal aam sydwAu jo 9|2 Auo ‘sydwAu uoisuadsns paypadsun {;wd (7 N) SNUPL SapoX] x *|'S  YIed YIIM SIauleIuod (9102)
ojul dojanap 03 3|ge aJam aeAle| ay3 JO %581 AlUO /saJ40dsoise|q ,01xL)dL-X  avydosiup ‘p jo saiodsoiselg  uo (x|) Sulheids ‘| 39 UUBWIDSSEAA
'S9|ewa) Pa1ddul (9oue3sgns 3unoesne)
-sndunyj wouJy Ajigeydiey 88 pue ssew-339 ‘1ySiam 1DB4IXD DaJND PIUINGID) JO uoleI3an
Apoq Ul papJ0aJ SeM UOIIdNPA JURIJIUSIS V “SHD1} UOIIB|NWLIO) B|gelHIS|INWD (V) snipjnaipuaddo -y pa1sajul Ajjeninie
P2123]|03-p|al} SUOWIE PAIBSCO SeM 9Eg JO AlljeroN (601x1) £0 3dIDI UIRNS x apj|dosjup “W JO e1pIuo) uo (x1) uikeads (5102) "|e 32 eueN
a3e104 snidAjeona
(00L-X UolIL %100 Aip yum patanod
"S|10 |eJaulW 4O pue |10 [eJaUlW %Q | 4O |I0 [10s weo| Apues
BJOUBD YIIM J21BM Ul BIPIUOD YIIM pakeads punol3 uo  ejoued 9Q1) uoisuadsns |10 (V) Smiojnuup °y pa1sajul Ajlenuynie
pase|d sajeway Aq pie| s839 Jo Suiydiey ou sem aiayl  (;WD/eIPIUOD ,0|xZ) £ UlelS  x WNnauuniqg “y Jo eipiuod uo (x |) Suikeads (#102) "|e 33 ysiwes
uoneladan
(%1008 paisajul Ajjeanieu
usam]) uoisuadsns snoanbe uo (suonedidde z|
‘P212319P SeM SYD1} JSA0 ‘(;w /e1pIUOd 3|geIA 0| x (1) snydoojw -y Sule101 ‘skep |z

sn3uny yim s3uikeads ainised Jo 109449 SNOLIRIBIPP ON  0Z'Z 03 ZE'L) 63 bjes3 uiens x abJ|dosiup "y Jo eipluod) A1ana x |) Buiheads (1 107) |e 12 elnJen

uoseas AIp pue 1oam
3y ul ‘uone1a8an

uelq 1eaym 03 pappe pa1sajul Ajenuynie
‘ley uoseas Aup ayl ul %001 uolsuadsns |e3uny (01 x 1) (1) snydoojw -y uo (gz pue 1 ‘0 (0L02)
pue 9%/ /9 sem Aded1yJa ay3 |els) Uoseas 19m 3yl u| 71 BIN PUB ¥€ B UlBAS x apojjdosjup “py 40 BIPIUOD Kep - xg) Suifeids ‘le 12 1yd-epalo
s3|nsay uoisuadsns / uiesls 211 x 1I8ung Apnas jo adA) ERIIESETEN| uonedijdde jo ays

“"panunuo) °| ajqeL

18/39

Rev Bras Parasitol Vet 2026; 35(1): e019725



Fungi for tick control

‘PasN UOLIUSIUOD
je8und - () "synpy v ‘sydwAN :N ‘oeate 7 !s883 :3 '('/) sapox {('y) bwwoAjquiy (@) J03uadpwiiaqg (y) snjoydadidiyy sxa11 (‘d) wnijjipoainding (°g) bliaannag (‘W) wniziyipiapy 18uny dlusdoyiedowoluy

‘uonedijdde Jaye sAep £ uiyum apixoing jAuosadid

pue ‘uLiydwadAd ‘soguAdaolyd pauleuod yjiw 11D U011L1983A PaISaUI

3|IYM ‘saNpISa. 2|qrIIDIBP OU pauleIuod sajdwes Xjiw Jopmod Ajjeanieu uo suoJp

1IN “(1DD) spoyiaw [eaiwayd 03 ajqededwod uondnpal  Aup [eSuny (ey/eipiuod (31N V) snydosiw °y Aq (sjensaaul Aep-1z
321 paAsIYde (LINA) 102U0d [ediSojolg [eSuny ayL £0L x ¥) Gz g4l ulens x 30J/dosjuD I 4O eIpIU0D 1e xg) Buikesds  (5z07) e 12 apelpuy

pJoydoliaidng *H dapolewsu

"(Koediys 9%/z2°92) suonendod ¥211 pasnpaJ Ajpuediudis Jluadoyiedowolua
uonejnuioy [e8uny ayi Ajuo ‘uoseas Aip ayy Suung U3IM 10U JO pauiquiod
*(UOIIBUIQUIOD) %7/ 9 PUe ‘(ioydolialdng 'H) %1 1'8E  ‘uolejnwiioy seinuels (3o|d uoleI3an
‘(11s143q0J W) %60°'HS J0 suondnpal uonendod 3dn /3 01 ‘S/enoiapsosdiw (3 “1'V) snydooiw -y x paisajul Ajjediiie (5202)
panalyde uoseas Auled ayy Suninp suonedidde pjai4 201G/ €) 97 L4l ulens 11S)2GOJ “J JO BIIOID[ISOIDIN uo (x 1) Sulfeids ‘|e 12 seJiang|i4
uoneldan
Jnoyy pa31sajul AjjeJnieu uo
‘Al9A1Dadsal 9%/8°€8 pUe %05 €9 :Sa1el 1e9YM JO 8 00Z Ul wnunojl ‘d auoJp Ag (syuow
Aoediys 1say3iy ayy padiqiyxa Alenuef pue Jaqwiadag  Jo 8 g ‘(24eray Jad eipiuod (37N V) snjdooiw -y G Joj skep o

‘%6581 J0 ABd1YS UBSW B pey JusWIea} ayL 201 x 2°L) 0EL 991 40 ulenls X wnupojij ‘d JO eIpIuo) Kisns x1) Buikelds  (207) ‘e 1 edialad

(08
UUSM] %0 pue |10 |elaulu

%0 1) uone|nuwioy jio pue (08

‘Aj9ADadsal ‘%8 c PUB 9%9°6E PUB %E L9 PUB %185 UUSM] %1 °0) UORE|NWIO} uoneasan
U99M19( 1U3243d |0J3U0D D11 B Pap|aIA UOeINWLIOS snoanbe {(Jw/eipiuod ;0| (31'N V) snjdooiw -y paisajul Ajjediiie
snoanbe pue °|'s abyjdosiup “yy Jo uoneINWIOY |10 x 0°2) E79€ 4354V ulens x apljdosiup “py 40 BIPIUOD uo (x1) Sulfeids (zz0?2) "|e 12 eJ1a43d
(%9) |10 uoleI3an
|eJauiw pue (9%56) 1a1em Jo pa1sajul Ajjeanieu uo
"ApN1s 2y} Ul Seale JUSJa4Ip OM] 10} %8 pue uonnj|os ‘(aJe1ay Jad eipiuod (371'N V) snydoiw -y (syuow g Joy sAep

%9€ SeMm SlUaWILaI] aY) Jo AdBd1Yd uesw [enuue ay| <0l x 1) Sz 91g| uiens x apjjdosjup “yy Jo eipluo) o€ Aiana x 1) Suikesds  (zzoz) ‘|e 19 soues

'syjuow 1:61 Jo suonsodoud uoneIa8an
SAl} JONO /€19 03 $9°GE Wod) padued uoisodino SU3 Ul |10 |eJUIW pue J91em paisajul Ajjeiiie uo
40 uoniqiyul a8eiusdiad uesw ay) pue Ge'06 0} 4O UOIIN|OS (3Je3109Y/eIpIu0d (31'N V) snydodiw -y (syauow g Joj skep

16°89 WoJy padued Adediys Jusawiealy adelane ay | 0l x 2) Gz 909 uleans x apjjdosiup "y o eipluo) o€ A1ans x|) Sulkeuds (zzoz) ‘|e 19 eplaw|y

s3nsay uoisuadsns / uieals P11 x 1Suny Apnas jo adA} ERITESETEN] uonedijdde jo ays

“"panunuo) °| ajqeL

19/39

Rev Bras Parasitol Vet 2026; 35(1): e019725



Fungi for tick control

These and other fungi that exhibit potential but have not yet been tested under field conditions should be considered
in future research efforts. Regarding tick species, most studies have focused on species of the genus Rhipicephalus
(Alonso-Diaz et al., 2007; Kaaya et al., 2011; Rot et al., 2013; Murigu et al., 2016a), particularly R. microplus (Alonso-
Diaz et al., 2007; Bahiense et al., 2007; Camargo et al., 2016; Zeina et al., 2022; Zufiiga-Rivera et al., 2025). The
stronger research focus on this species is due to its major relevance to global cattle production, as R. microplus
has a broad geographic distribution and causes substantial economic losses in livestock systems (Martins et al.,
2006; Grisi et al., 2014, Rodriguez-Vivas et al., 2018).

All field studies to date have been conducted using aerial conidia (Table 1); however, promising results have been
reported with the use of Metarhizium spp. and Beauveria spp. blastospores against engorged females of R. microplus
under laboratory conditions (Bernardo et al., 2018), highlighting the need for field evaluations employing this type of
propagule. Most studies have used a concentration of 108 conidia/mL, with a few exceptions that employed concentrations
of 107 conidia/mL (Barbieri et al., 2023), 10° conidia/mL (Hidalgo et al., 2025), 10? and 10% conidia/mL (Zufiiga-Rivera et al.,
2025), showing a broad range of concentrations evaluated across different studies with interesting results.

Studies involving the application of EPF on animals have demonstrated their potential to contribute to tick control;
however, the number of such studies remains limited compared to extensive research conducted under laboratory
conditions. To advance this field, efforts must be directed toward conducting field trials. Despite recent progress,
some aspects still require further investigation, including: (i) assessing the efficacy of different fungal propagules
for tick control; (ii) evaluating the performance of fungal treatments in cattle of different breeds; (iii) conducting
long-term studies that implement integrated management strategies combining fungal applications with other
control technologies; (iv) assessing whether fungal treatments can replace chemical acaricides in one or more tick
generations, reducing chemical use; (v) comparing fungal efficacy using different spraying devices; (vi) performing
trials with lower fungal and adjuvant concentrations to improve the economic feasibility of the technology; and (vii)
assessing whether the application time influences treatment efficacy (time of the day or season).

Off-host application

Field applications of EPF on the soil or over the pasture to control non-parasitic phases [eggs, larvae, nymphs
(depending on the tick species), and adults] of ixodid ticks, under field or semi-field conditions, have been reported
in scientific studies since 2002 (Table 1). The first study reported the use of a commercial product based on M.
anisoplioe against adults of I. scapularis (Benjamin et al., 2002). This study was conducted with high conidial
concentration (4 x 10° conidia/m applying 1-1.5 liters per 100m?2). The treatment yielded 53% mortality of ticks.

In 2003, a study was conducted using grass plots artificially infested with R. microplus larvae (Bittencourt et al., 2003).
The authors tested the efficacy of M. anisopliae conidial suspension at 107 or 10° conidia/mL applying 60 mL per m2.
The highest tick control efficacy (53.8%) was observed in the third bioassay. This study did not use any adjuvant for the
conidial suspension, although entomopathogenic fungal propagules are rarely applied in the field as unformulated
mycoinsecticides in agricultural crops, as adjuvants can protect them against detrimental abiotic factors, extend their field
persistence, and increase their infectivity (Paixao et al., 2017). Accordingly, the same applies to tick control in the field.

More recent studies used a variety of different adjuvants, mostly mineral or vegetable oil-in-water emulsions,
to enhance fungal performance (Angel-Sahagtn et al., 2010; Nchu et al., 2010; Ojeda-Chi et al., 2010; Samish et al.,
2014; Mesquita et al., 2020; Marciano et al., 2020; Schulze & Jordan, 2021; Almeida et al., 2022; Pereira et al.,
2022; Santos et al., 2022) (Table 1). Two studies also reported the use of solid CO, and semiochemical-baited or
plant-extract-baited traps coupled with the fungal treatment (Nchu et al., 2010; Nana et al., 2015). As important
as the use of a proper adjuvant or the use of baited traps, the capacity in the production of propagules is also
essential because the required concentration of fungi to control the ticks in the field should be high. Hard ticks are
naturally much less susceptible than insects to entomopathogenic fungi (Ment et al., 2012). Most studies involving
the field use of EPF against ixodid ticks used aerial conidia as the fungal propagule, although recent field studies
reported the successful use of other EPF propagules produced in submerged liquid culture (i.e., blastospores and
microsclerotia) against ticks (Wassermann et al., 2016; Marciano et al., 2021, Filgueiras et al., 2025).

Most field studies using fungi on the vegetation to control ixodid ticks were conducted with Metarhizium isolates
(Table 1), except Stafford & Allan (2010) that used Beauveria isolates and Pereira et al. (2024) that used P. lilacinum
isolate. The latter and Andrade et al. (2025) used a drone to apply the fungus to pasture. Among the studies that
treated the environment (not the host) here analyzed, the majority involved Rhipicephalus ticks (more frequently
R. microplus ticks), followed by Ixodes ticks (more frequently /. scapularis) and Amblyomma ticks (one study with
A. variegatum and one with A. americanum) (Table 1).
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EPF applied in the environment can negatively impact tick larval outbreaks even when fungal formulations are
not applied directly to the tick larvae (Mesquita et al., 2020; Marciano et al., 2020; Pereira et al., 2022; Filgueiras et al.,
2025). This confirms the importance of the environmental persistence of an EPF. The levels of environmental
persistence of an EPF can be supported by the fungus-plant endophytic interaction and by the fungal rhizosphere
competence. On the other hand, a series of abiotic obstacles, such as low humidity, high incidence of sunlight, rain,
and high temperatures can also negatively affect EPF environmental persistence. Accordingly, several variables
can be involved in the success of field use of fungi against ticks including, but not only, fungal species and isolate
(and their virulence to ticks and tolerances to abiotic factors), type of propagule, presence or absence of adjuvants,
type of vegetation, and soil nature.

The use of EPF in field applications has been shown to be safe and effective. While many studies focused on
conidial application directly to animals and pasture, drone-based strategies represent a promising next step for
integrating EPF into livestock tick management. However, there is still a lack of information concerning i) comparison
between the different types of fungal propagules (regarding their virulent effects against tick populations in the
field or tolerance to abiotic factors); ii) possible interactions between EPF and the vegetation/soil, and what is the
impact for fungal environmental persistence; iii) number and frequency of fungal applications to hold tick outbreaks;
iv) the impact of field fungal applications in the incidence of tick-borne diseases; v) comparison of the efficacy of
soil applications under different biomes and climatic conditions.

Economic analysis and cost-benefit assessment

In the Brazilian market, there are currently no commercial products based on EPF for tick control, which makes
it difficult to estimate the treatment cost per animal. However, in the development of technologies for tick control,
two aspects should be considered: (1) the treatment cost per animal will likely be higher compared to the current
market cost of chemical acaricides, especially those based on spraying strategies; and (2) the adoption of biological
control technologies will reduce the odds of chemical residues in food and the environment.

Most chemical acaricides based on spray delivery currently available on the market cost between 0.2 and
0.8 USD per animal. This estimate refers only to spray acaricides, which are recommended for use in lactating
cows, a market segment where fungal-based products would likely experience greater demand and acceptance
among producers. For pour on and injectable acaricides, higher prices are generally observed, ranging from
1.1 to 6.5 USD per animal for most formulations available on the market, and reaching up to 14.8 USD (recently
introduced products - fluralaner as the active ingredient). In this sense, future EPF-based products may represent
an interesting alternative for farms with high levels of multiresistance to acaricides, which in some cases largely
rely on acaricides formulations with high costs, such as isoxazolines.

Reducing fungal concentrations in field trials is a desirable approach that should be considered in future
studies to improve the economic feasibility of these products for tick control, since most field studies use
concentrations of 108 conidia/mL. In this context, some studies have explored the use of lower concentrations,
such as 107 conidia/mL (Barbieri et al., 2023), 10° conidia/mL (Hidalgo et al., 2025), and 10% or 1 x 10* conidia/
mL (Zufiiga-Rivera et al., 2025). Barbieri et al. (2023) estimated a treatment cost of USD 2 per animal, indicating
that lower fungal concentrations may contribute to improved economic feasibility. This estimate was based on
a prototype and considered only the raw material cost for a single unit. Although large-scale production may
optimize conidia production costs, other aspects must be considered, since additional expenses will be involved,
such as specialized labor, plant maintenance, inert and adjuvant formulation components, packaging costs,
storage and transport logistics, profit margins for both the company and the retailer, production losses, and
taxes. Anyway, considering the added value of the technology (discussed later), it gives an optimistic scenario
for a potential cost of future EPF-based products.

In field studies, adjuvants were used in concentrations between 2.5 and 20% (10% was the most used
concentration) (Table 1). Considering two main factors: (i) the price of adjuvants (mineral and vegetable oils)
available in the Brazilian agricultural market, and (ii) the use of 5 L of spray mixture for the treatment of adult
cattle; the inclusion of these adjuvants may lead to additional costs in the treatment per animal which may range
from 0.46 USD (2.5% concentration) to 8.7 USD (20%), with an intermediate cost of approximately 4.4 USD ata 10%
concentration. Future studies combining fungi and adjuvants for tick control should prioritize the determination
and use of the low oil concentrations which are still effective but aiming at cost reduction and economic feasibility.
Accordingly, concentrations already used for crop protection may help guiding this approach.
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Another aspect that should be considered in the adoption of biological acaricides for tick control (application on
the host) is the treatment interval. For example, within strategic tick control programs for R. microplus, spray-based
chemical acaricide treatments are generally applied at intervals of 21 to 28 days, allowing infestation levels to be
maintained without compromising animal health and productivity (Labruna, 2008; Nicaretta et al., 2023; Leal et al.,
2024). For pour-on or injectable products, longer treatment intervals are generally observed, ranging from 35 to
80 days (Nicaretta et al.,, 2021; Aquino et al., 2024). In field studies involving EPF with extended experimental
durations, treatment intervals have ranged from 7 to 28 (7, 15, 21 and 28) days (Lopez et al., 2009; Murigu et al.,
2016b; Webster et al., 2015; Alonso-Diaz et al., 2022; Oundo et al., 2024). In short-term studies, more than one
application was reported during the initial days (Zeina et al., 2022; Camargo et al., 2016). Considering (i) economic
feasibility and (ii) treatment interval of spray chemical acaricides, it is recommended that future studies adopt
treatment intervals of 21 or 28 days. Considering environmental applications, a tentative approach would be to
perform treatments every 30 days (Pereira et al., 2024), although shorter intervals of 21 days may also be considered
(Andrade et al., 2025). It is important to emphasize that in such studies, tick reduction should be evaluated not
only in the pasture but also on the animals grazing in these areas.

In this cost-benefit balance, other aspects should be considered regarding the value of these biological products for
tick control, considering factors aligned with the concepts of sustainability and One Health. Among these aspects, the
following can be highlighted: environmental safety, through reduced impact on non-target organisms and residue-free
environments; food safety, by ensuring the production of residue-free animal products; occupational safety, through
the use of organisms that pose no intoxication risk to humans; and animal safety, through the application of products
that do not pose toxicity risks to cattle. In addition, treatment with biological products may also reduce the number
of chemical treatments required per year, thereby slowing the development of acaricide-resistant tick populations.

These aspects can contribute to more resilient and sustainable production systems. In the future, the adoption of
biological acaricides with EPF may add value to products derived from cattle farming through specific certifications
and access to more demanding export markets. Therefore, the economic assessment of these technologies should
consider not only the cost and immediate financial return but also the added value to production and the ecological
and social benefits associated with their adoption.

Regulatory Framework and Safety Assessment

In most countries, EPF are regulated under pesticide legislation and classified as microbial biopesticides. Despite
their generally safer toxicological profile, they must meet similar regulatory standards as chemical pesticides.
Agencies such as the Environmental Protection Agency - EPA (USA), European Food Safety Authority - EFSA (EU), and
the Ministry of Agriculture and Livestock (Ministério da Agricultura e Pecuaria - MAPA) (Brazil) oversee registration,
often in collaboration with others like the Brazilian National Health Surveillance Agency (Agéncia Nacional de
Vigilancia Sanitaria - ANVISA), Brazilian Institute of Environment and Renewable Natural Resources (Instituto
Brasileiro do Meio Ambiente e dos Recursos Naturais Renovaveis - IBAMA), the USA Food and Drug Administration
(FDA), the United States Department of Agriculture (USDA), and national bodies within the EU. These multi-agency
frameworks ensure thorough evaluations of efficacy, human health, and environmental safety. However, the
process remains complex and time-consuming, limiting broader adoption.

The regulation of entomopathogenic fungi-based products goes beyond registration; legislation also affects
the collection, transportation, intellectual property rights, and risk classification of these microorganisms, directly
influencing access, innovation, and the safe use of biological agents (Smith et al., 2023). A reassessment of regulatory
frameworks is often necessary, aiming for greater flexibility and alignment with the specific characteristics of
microbial products. Humber (2016) argues that while the commercially used EPF may fit existing regulatory and
business models, legal and commercial constraints have unnecessarily, and perhaps unwisely, limited the diversity
of biocontrol fungi in use. This has led to a narrow and overly stable list of broad-spectrum species, which raises
concerns about non-target effects and overlooks the potential of highly specific and safer alternatives.

Inthis scenario, EPF are widely recognized as safe biological control agents for both human and environmental health
when properly characterized and applied (Zimmermann, 2007; OECD, 2008; Buonsenso, 2025). Studies conducted
by the USDA and independent laboratories have consistently shown that these fungi exhibit no pathogenic or toxic
effects on mammals, birds, fish, and beneficial arthropods under normal exposure conditions (EPA 2012). Acute oral
and dermal safety studies in rodents and rabbits are typically performed at doses several orders of magnitude higher
than those that could realistically occur under environmental or field exposure conditions (EPA 2011; 2018; 2020).
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These tests consistently report no clinical signs of toxicity, mortality, or tissue alterations, even at extremely
elevated concentrations. This outcome provides a strong safety margin: if no adverse effects are observed under
such exaggerated exposure scenarios, it can be reasonably inferred that lower concentrations, those used in
practical agricultural or veterinary applications, pose no toxicological risk. Therefore, while these high-dose studies
represent a conservative approach intended to ensure biosafety, their results also reinforce the intrinsic non-toxic
nature of EPF, confirming that their real-world use is unlikely to produce harmful effects on mammals or other
non-target organisms. Similarly, field trials involving livestock treated with Metarhizium-based formulations have
not demonstrated adverse behavioral or physiological effects (Camargo et al., 2016; Barbieri et al., 2023).

In agricultural risk assessment, EPF products undergo toxicological and ecotoxicological testing comparable to
those required for microbial pesticides. These include acute and sub-chronic oral, dermal, and inhalation studies
in mammals, as well as non-target organism assays involving pollinators (Apis mellifera), aquatic species, soil
invertebrates, and beneficial predators (OECD, 2008; Brasil, 2023).

An additional natural safety factor arises from the self-grooming (auto-cleaning) behavior of insects, especially
social insects that are beneficial (pollinators and parasitoids), which substantially reduces the likelihood of
non-target infection. Grooming effectively removes conidia that are not strongly adhered to the cuticle, thereby
limiting transmission and reducing the persistence of fungal propagules on non-target hosts (Reber et al., 2011;
Shang et al., 2015; Casillas-Pérez et al., 2023). Together, the combination of biological specificity, low mammalian
toxicity, environmental degradability, and behavioral barriers supports the strong biosafety profile of EPF used in
both agricultural and veterinary contexts.

The rising demand for sustainable agricultural solutions has expanded interest in biological products for both
crop and animal health. To reach the market, these products must comply with regulations that guarantee safety
for animals, the environment, and users. Globally, countries are moving toward specific legislation for microbial
products. France, Brazil, Argentina, and Colombia are examples of countries that are leading this shift through
public policies and national programs that support bioinputs (Goulet, 2021; Medina et al., 2024; AgroPages, 2025a).
In addition, countries such as Pakistan, New Zealand, Mexico, South Africa, and Japan have also advanced regulatory
frameworks or initiatives aimed at facilitating the development and commercialization of biologicals (AgroPages,
2025b; A Lighter Touch, 2025; Mexico Business News, 2025; SentonPharm, 2025). These efforts demonstrate a
global trend toward harmonizing regulatory pathways and promoting the adoption of biopesticides and bioinputs
as viable alternatives to conventional chemical products in both agriculture and livestock production.

The global landscape for registered products using EPF for tick control remains limited and fragmented, despite
the strong potential demonstrated in research (Camargo et al., 2016; Sullivan et al., 2022; Oundo et al., 2024).
Products specifically developed for ticks may have unstable market presence, as seen with Met52® in the United
States. Commercialization of EPF for tick control is hindered by regulatory and market challenges, with regional
disparities in product availability and a focus on other agricultural pests. Complex and inconsistent regulations
across countries, combined with the need for robust field validation, slow the adoption of these fungi as viable,
widely accessible alternatives to chemical acaricides.

In Brazil, veterinary products are regulated by MAPA. For EPF intended for use in animals, the regulatory pathway
is not yet fully harmonized, creating a discrepancy. Depending on the intended use and claims, the product may be
classified as a pharmaceutical antiparasitic (governed by MAPA's Technical Regulation for antiparasitics, Ordinance
48/1997) (Brasil 1997) or as a veterinary biological (under the framework of biologicals, traditionally applied to
vaccines and immunobiologicals, e.g., Ordinance 74/1996) (Brasil, 1996). This distinction has significant implications.
As an antiparasitic, the product must meet requirements aligned with pharmacological safety and toxicology
testing, also presenting more than 95% of efficacy, which is difficult to be achieved by a biological product. In the
regulatory framework for veterinary biological products, efficacy is no longer the main challenge; however, these
products follow a regulatory structure similar to that applied to vaccines, with a strong emphasis on microbial
identity, biosafety, and immunobiological production standards. This framework imposes stringent requirements
substantially increasing production costs. This is particularly critical when the same manufacturing facility is
developed to produce both vaccines and fungal propagules. MAPA requires strict segregation of processes, risk
assessment of cross-contamination, and validated cleaning and biosafety protocols. Choosing one pathway or the
other affect dossier structure, facility approval, labeling, pharmacovigilance obligations, and even how inspections
are carried out. In practice, companies often seek prior consultation with MAPA's veterinary products coordination
to align expectations before formal submission.
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Atthe broader policy level, the approval of the bioinputs Law No. 15,070 of 2024 (Brasil, 2024) created a national
legal framework for the production, registration, commercialization, use, and disposal of bioinputs in agriculture,
livestock, aquaculture, and forestry. Although this law does not replace MAPA's specific rules for veterinary
products, it provides strategic support for innovation, R&D, and regulatory recognition of biological control agents,
including those used against ectoparasites in livestock. Its provisions influence how regulators, companies, and
producers perceive classification, experimentation, labeling, waste management, and sustainable integration of
biologicals into production chains. Following the publication of the law, and under the coordination of the MAPA,
the regulatory process of the referred legislation is currently underway. This process involves the participation of
various professional societies and unions representing different stakeholders within the production chain. After
the regulation is finalized, the normative instruments for product registration will be structured or revalidated
(for the existing regulations). All these efforts aim to establish clear criteria and regulatory pathways that enable
these innovations to reach the market, thereby promoting advances in agricultural and livestock production in Brazil.

In parallel, the Brazilian College of Veterinary Parasitology (Colégio Brasileiro de Parasiotlogia Veterinaria -
CBPV), a scientific society that brings together researchers, professionals, and students working in the field of
veterinary parasitology in Brazil, has been discussing the need for specific guidelines for the registration of biological
acaricides. While CBPV has not yet published an official guideline, its role as a scientific corporation suggests it may
contribute to standard-setting, in cooperation with MAPA and other associations. Such guidelines would help clarify
requirements for efficacy trials, safety testing, and dossier preparation, complementing the current legal framework
and reducing uncertainty for developers. It may serve as a stimulus for other scientific societies worldwide to take
part in the development and discussion of guidelines, thus providing high-qualified suggestions for the society.

In conclusion, the regulatory approval of acaricides based on EPF globally depends not only on demonstrating
efficacy and safety but also on navigating the current regulatory ambiguity between the pharmaceutical and biological
pathways. The Brazilian bioinputs law provides initial legitimacy for biological control strategies and could serve as a
reference for other countries to develop their own livestock bioinputs regulations or even adopt Brazil's framework
(once finalized) where regulatory convergence allows. While initiatives like the CBPV's efforts to draft specific guidelines
may help in regulatory gaps. Together, these movements point toward a more harmonized, consistent and predictable
regulatory environment, which could accelerate the adoption of sustainable biological acaricides in veterinary practice.

Knowledge Gaps and Future Research Directions

Research conducted on the use of EPF for tick control, over the past few years, has increasingly demonstrated
that these microorganisms represent highly promising alternatives for the integrated and sustainable management
of tick infestations. These results are due to the physiological characteristics of these microorganisms, which
enable them to penetrate directly through the arthropod cuticle, as well as to their biotic traits and environmental
requirements for survival and maintenance, conditions that closely overlap with those needed by the target
arthropods in their natural habitats.

Recent advances have significantly expanded our understanding of tick immune responses against EPF,
revealing a complex and multifactorial defense system. Cellular responses mediated by hemocytes, including
phagocytosis, melanization, and cytotoxic interactions with fungal structures, together with humoral mechanisms
involving complement-like proteins, antimicrobial peptides, and redox metabolism, play central roles in limiting
fungal development. Despite these advances, major knowledge gaps remain. The molecular signaling pathways
underlying hemocyte activation, nodulation, and phagocytosis of EPF are still poorly characterized in ticks, as is
the specific contribution of antimicrobial peptides during fungal infections. Moreover, the role of immune priming
appears limited or absent, and the dynamics of redox metabolism and reactive oxygen species generation in tick
hemocytes during EPF infection remain largely unexplored. Addressing these gaps through integrative molecular,
cellular, and functional approaches will be critical for elucidating tick-fungus interactions and for optimizing EPF-
based biocontrol strategies capable of circumventing or exploiting tick immune defenses.

Field studies with ticks indicated that the development of adequate formulations for direct application to animals
still requires further research for proper implementation, considering the diversity of proposed use methods and
application strategies. Significant progress has been achieved, particularly with EPF combined with adjuvants.
Several studies reported that substances that protect and enhance the germination and development of EPF in
the environment can and should be incorporated into formulations. In parallel, for field treatment of infested
areas, formulations based on microesclerotia designed for soil release, targeting the infection of non-parasitic tick
stages presentin pastures, are being developed and have yielded highly promising and economically viable results.
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However, the success of these approaches ultimately depends on regulation of these products for animal health
purposes, overcoming formulation challenges, including propagule stability, protection against abiotic stressors,
and compatibility with livestock production systems. Addressing these bottlenecks will be essential to move EPF-
based tick control from experimental trials toward practical, large-scale application (Figure 3).

In Brazil, however, despite decades of research, the same regulatory framework established by MAPA remains
in effect for the approval of tick control products for veterinary use. These standards, defined by MAPA Ordinance
No. 48/1997, require a 95% efficacy threshold for the licensing and registration of acaricidal products intended
for use in infested animals. Such requirements have limited the industry’s interest in biological products, as it is
impractical to invest in the development of a biological product that would likely not reach the high efficacy rates
demanded for chemical acaricides (95%) and would therefore face challenges in obtaining marketing authorization.
To align regulatory norms with the new reality of biological products, committees have been established within
CBPV and MAPA to propose updates. Additionally, the requirement that biological products based on EPF be
manufactured in facilities meeting the same regulatory standards required for vaccine production represents
another major challenge.

In a scenario of widespread acaricide multi-resistance, it is timely to question whether maintaining a rigid 95%
efficacy threshold is appropriate for the registration and commercialization of non-chemical control products
intended as alternatives to conventional acaricides. Field evidence indicates that several chemical compounds
currently available on the market, particularly pyrethroids, frequently fail to achieve this level of efficacy under
practical farming conditions. Moreover, in herds exhibiting high levels of multi-resistance (often involving resistance
to six out of seven acaricidal classes) (Klafke et al., 2024) it is not uncommon for the most effective conventional
products, except for isoxazolines, to reach only 60-70% efficacy. In such contexts, the availability of a non-chemical
product with no withdrawal period that consistently achieves 50-70% efficacy represents a valuable and pragmatic
tool within integrated tick management programs, contributing to resistance mitigation, reduced chemical pressure,
and improved sustainability of control strategies.

Key steps in the use of entomopathogenic
fungi for cattle tick control

Registration

Formulations

Field

trials ~— \
RS

Laboratory
assays

Regulatory
approval of
mycoacaricides

Improvement of for veterinary use
fungal formulation

Demonstrating technologies
Demonstrating fungal virulence targeting ticks
fungal virulence against ticks under
against ticks under field conditions
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Figure 3. Key steps in the use of entomopathogenic fungi for cattle tick control.
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Another significant limiting factor for the advancement of biological products is the perception of livestock
producers regarding tick control. Many farmers still expectimmediate results and 100% efficacy, typical of conventional
synthetic acaricides, which hinders the acceptance of biological solutions whose effects are gradual and dependent
on environmental conditions. However, it is important to note that a considerable proportion of livestock producers
in Brazil are also grain producers, who already use and trust biological control agents in agricultural crops. This
dual activity represents a strategic opportunity to accelerate the adoption of biological products in animal health,
by transferring the knowledge and confidence gained from agricultural applications to livestock systems.

In this way, to overcome current barriers, a coordinated effort among government, industry, and research
institutions is essential to invest in technical training and communication programs, demonstrating the economic
and environmental advantages of biological control. Only through awareness and perception change, supported
by practical examples and cross-sector integration, will it be possible to consolidate the use of biological agents
as effective tools in integrated tick management.

The advancement of EPF as biological control agents depends not only on scientific validation but also on
the establishment of security frameworks. Evidence accumulated over decades confirms that EPF are safe,
environmentally compatible, and non-toxic to humans, animals, and beneficial organisms when correctly
characterized and applied. The combination of biological specificity, ecological degradability, and natural behavioral
barriers such as insect self-grooming reinforces the strong biosafety profile of these fungi.

Furthermore, strategic integrated control programs that combine management practices with both chemical
and biological approaches must be developed. These programs should be adapted to the ecological context in
which they will be implemented, considering the tick species involved, their distinct biological and behavioral
characteristics, the production system, and the geographical and climatic conditions of each region.

Concluding Remarks

Taken together, the evidence discussed in this review highlights that the development and regulatory approval of
EPF for tick control represent not only scientific and technological challenges, but also a regulatory challenge involving
governmental agencies and private companies, as well as a strategic necessity for livestock production systems,
particularly in tropical regions. Among the most compelling reasons to pursue biological products is the absence of a
withdrawal period, a critical advantage that none of the currently available efficacious synthetic acaricides can offer.
This limitation directly constrains intensive livestock systems, especially high-yield dairy production. In this context,
biological products that provide moderate but consistent efficacy without compromising food safety represent a
paradigm shift, enabling continuous production while reducing chemical pressure and resistance selection. The
consolidation of EPF-based tools within integrated tick management programs, supported by appropriate regulatory
frameworks, formulation advances, and producer awareness, is essential to unlock sustainable productivity gains
and to reconcile animal health, food safety, and environmental stewardship in tropical livestock systems. Finally,
although less extensively investigated, the available examples in the literature also indicate that the use of EPF
may represent a useful tool for the control of ticks that are vectors of human pathogens.
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